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ABSTRACT 
Polymer electrolyte membrane fuel cells have attracted increasing attention due to their versatility 
in producing both electrical and thermal energy resulted from harvesting the chemical energy of a 
fuel, such as hydrogen. This can be produced via water electrolysis with energy from renewable 
energy sources. Energy independence and environmental concerns have been the two main driving 
forces that push for fuel cell commercialization. Platinum in the form of nanoparticles supported on 
activated carbon is the most used electrocatalyst for the anodic and cathodic reactions in a polymer 
electrolyte membrane fuel cell. 
Commercialization of such devices is currently hindered by two key aspects. First, the poor activity 
of platinum to electrochemically reduce oxygen to water. Second, the poor ability of platinum and 
carbon to withstand corrosion in an acidic environment. In the past decade much effort has been 
dedicated towards improving the activity of platinum. The degradation behaviour of platinum and 
carbon in simulated fuel cell conditions is, at this moment, a research avenue. The role of the 
support on the overall electrochemical activity and stability is still not completely understood. To 
shed some light on the complex behaviour of platinum and the support, this PhD thesis aims at 
testing a wide-range of materials which facilitates an interaction between the electrocatalyst and the 
support.  
Platinum can interact with graphitic domains of carbon. The interface between platinum and metal 
oxides has been a long-term debate. Therefore, the following study deals with the platinization of 
several carbon nanostructures, early transition metal oxides and hybrid carbon-metal oxide 
materials. The findings concerning the electrochemical activity and stability of such materials are 
supported by extended physicochemical characterization and explained in detail. 
The results suggest that some materials which are perceived as highly corrosion resistant are, in 
fact, degrading. It is concluded that a platinum-support interaction is desired in order to cope with 
the accelerated degradation during fuel cell operation. Based on the findings, a design principle of a 
desired electrocatalyst is outlined in the end. 
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Dansk resumé 
Polymer elektrolyt membran brændselsceller har tiltrukket sig stigende opmærksomhed på grund af 
deres alsidighed med hensyn til produktion af både elektrisk og termisk energi ud fra den kemiske 
energi bundet i et brændsel, som for eksempel hydrogen. Hydrogen kan fremstilles ved 
vandelektrolyse med energi fra vedvarende energikilder. Energiuafhængighed og miljøhensyn har 
været de to største drivkræfter bag kommercialiseringen af brændselsceller. Nanopartikler af platin 
på et støttemateriale af aktiveret kul er den mest anvendte elektrokatalysator for de anioniske og 
kationiske reaktioner i en polymer elektrolyt brændselscelle. 
Kommercialiseringen af sådanne enheder bliver i øjeblikket hindret af to nøgleaspekter. Platins 
ringe evne til elektrokemisk at reducere oxygen til vand samt platins og kulstofs ringe evne til at 
modstå korrosion i et surt miljø. I det sidste årti er der gjort en stor indsats for at forbedre aktiviteten 
af platin. Platins og kulstofs nedbrydningsadfærd under simulerede brændselscelleforhold er et 
aktuelt forskningsemne. Støttematerialets indflydelse på den overordnede elektrokemiske aktivitet 
og stabilitet er stadig ikke fuldstændigt forstået. For at kaste lys over platinets og støttematerialets 
komplicerede adfærd, sigter denne PhD-afhandling mod at afprøve en lang række materialer, der 
faciliterer en vekselvirkning mellem elektrokatalysatoren og støttematerialet. 
Platin kan vekselvirke med grafitdomænerne i kulstof. Grænsefladen mellem platin og metaloxider 
har længe været til debat. Derfor vil den følgende undersøgelse beskæftige sig med platiniseringen 
af flere kulstof-nanostrukturer, lette overgangs metaloxider samt hybrid kulstof-metaloxid 
materialer. Resultaterne angående den elektrokemiske aktivitet og stabilitet af sådanne materialer er 
understøttet af udvidet fysisk og kemisk karakterisering og er forklaret i detaljer. 
Resultaterne antyder, at nogle materialer der opfattes som værende stærkt modstandsdygtige overfor 
korrosion, faktisk nedbrydes. Det konkluderes, at en vekselvirkning mellem platin og 
støttemateriale er ønskværdig for at klare den accelererede nedbrydning, der finder sted i en 
brændselscelle i drift. Baseret på resultaterne er et design princip for en ønskværdig 
elektrokatalysator til sidst skitseret. 
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1. Introduction 
The present energy system was designed on the exploitation and combustion of fossil fuels. 
Usually, the energy is collected in form of heat which is further on transformed in useful energy. 
The overall conversion rate of fossil fuels to thermal energy and further on to other forms of energy 
is a main cause for the current energy challenge[1] in addition to the bad practice concerning land 
use[2,3]. The large increase in energy demand over the past 100-200 years revealed the flaws in the 
current energy system: depletion of fossil fuels and emission of greenhouse gasses[4]. On top of 
this, world’s fossil fuel reserves are not uniformly distributed throughout the world[5] which leads 
to political tensions. The will of several countries[6–9] to be sustainable, energy independent and 
avoid environmental pollution was the driving force to move towards renewable energy sources. It 
is clear now that the present energy system is not sustainable. It should be noted here, that 
“sustainability” does not only refer to the balance between the input of energy and output of waste. 
It encompasses a rate that defines an equilibration time between the input and output[4]. This is 
needed for the correct classification of some approaches as “renewables”, such as energy 
farming[10,11] and deposition of carbon dioxide in seawater[12,13]. 
In contrast to conventional energy sources, renewables require to be harvested in specific regions 
which are usually remote locations. The energy produced from renewables needs to be transported 
towards the consumer. If this does not happen then the energy is “lost”. Taking into consideration 
that energy cannot be created, the only solution remaining is energy conversion. Therefore, the 
supply of energy from renewables demands a new energy carrier which can be easily converted into 
usable energy. In this respect, hydrogen looks like a promising energy vector that can be produced 
from the “lost” renewable energy via water electrolysis. Then, this can be used as a fuel in several 
energy conversion technologies. This is the foundation of the so-called hydrogen economy[14–16]. 
Electrochemical energy conversion has received increasing attention over the past few decades[17]. 
There are several electrochemical applications which are under current development, such as fuel 
cells, photoelectrochemical water splitting and electrolyzers which are energy converting 
technologies and batteries and supercapacitors which are energy storing technologies. The field has 
seen increasing attention over the past years and new types of batteries, fuel cells, etc. are appearing 
constantly.   
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1.1 Fuel cell basics 
Fuel cells are electrochemical energy converters which can convert and supply energy in a versatile 
way. There are several types of fuel cells which are usually classified by the electrolyte nature. This 
work is concerned with polymer electrolyte membrane fuel cells (PEMFCs). The membrane 
electrode assembly (MEA) is the core of such a device. An MEA is composed of a membrane 
sandwiched between two electrodes (anode and cathode). Two different reactions take place 
simultaneously in an MEA: the oxidation of hydrogen at the anode (Eq. 1.1) and the reduction of 
oxygen at the cathode (Eq. 1.2). The overall reaction results in water which is the final by-product 
(Eq. 1.3). 2𝐻2 → 4𝐻+ + 4𝑒−                        𝐸0 = 0 𝑉,          (Eq. 1.1) 
𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂          𝐸0 = 1.23 𝑉 ,        (Eq. 1.2) 2𝐻2 + 𝑂2 → 2𝐻2𝑂,             (Eq. 1.3) 
Figure 1.1 was designed in order to visualize the working mechanism of an MEA. Hydrogen flows 
through the anode until it reaches the electrocatalyst which is deposited on an electrical conductive 
support. The electrocatalyst oxidizes the hydrogen into two electrons and two protons. The 
electrons are collected through the electrocatalyst support towards an external electrical circuit. The 
protons are guided by a proton conduction path (green lines, Figure 1.1) through the membrane all 
the way to the cathode. It is self-evident, now, that the membrane should be an excellent proton 
conductor and an electrical insulator. In addition, the membrane should be impermeable in order for 
the hydrogen not to pass to the cathode side.  
The protons which travelled from the anode through the membrane have arrived, now, on the 
cathode electrocatalyst surface. In the same time, oxygen is flowing in the cathode. After supplying 
useful electrical work, the electrons reach the cathode and in corroboration with the protons they 
reduce the oxygen to water. This process is taking place simultaneously in several MEAs which are 
connected in series in order to form a fuel cell stack. 
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Everything works in harmony. Nevertheless, problems appear really fast. First, all the reactions can 
take place only at a three-phase boundary[18], where the electrons, protons and reactants meet. 
Second, high humidity and acidic environment calls for corrosion resistant materials. Third, the 
oxygen reduction reaction has very sluggish kinetics compared to the hydrogen oxidation. This 
thesis is focused on the second issue: highly corrosion resistant materials for PEMFCs. 
 
Figure 1. 1 Working principle of an MEA. Large black spheres are the electrocatalyst support; small grey spheres are 
the electrocatalyst and the green lines are the proton conductors. 
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The anode and cathode structure is very similar. The electrocatalyst support is an activated carbon 
which acts as a support for the electrocatalyst, usually Pt nanoparticles. A perflurosulfonated 
membrane (i.e. Nafion) is the polymer electrolyte and the binder that provides the proton 
conduction path. As expected, Pt cost is the main bottleneck for PEMFC commercialization. 
Approx. 0.5 mgPt cm-2 is used in a state-of-the-art fuel cell[19] which translates into 0.5 gPt kW-1. 
The 2012 Pt production was approx. 165 tones which exhibits a 10% decrease compared to the 
2011 production, due to mines closure in South Africa[20]. PEMFCs main application is the 
automotive industry. If one considers that an average car has 80 kW then the 2012 production of Pt 
could have supplied only 4,125,000 cars.  
In addition to the cost, the current life-time of a PEMFC is approx. 2,500 h[21] and the US DOE 
target for 2017 is 5,000 h. MEA degradation is governed by the three-phase boundary distortion, 
specifically Pt and carbon corrosion. From the thermodynamic point of view, carbon is not stable in 
acidic environment and potentials larger than 0.207 VRHE[22]. Recent studies showed that Pt 
dissolution is a main degradation mechanism[23–25]. Moreover, PEMFC Pt degradation is a 
complex phenomenon with several interconnected branches[18,24,26–32]. 
1.2 Fuel cell activity losses 
Even though the equilibrium potential for the reaction of hydrogen with oxygen is E0=1.23 V, this 
is not happening in a real PEMFC. The equilibrium cell voltage, Eeq is 1.17 V due to the operation 
at 80oC, where water in form of vapours is facilitated. In a real PEMFC, the open circuit potential is 
still smaller than 1.17 V caused by the oxidation of Pt, carbon and impurities at the cathode as well 
as hydrogen permeating through the membrane[21].  
The cell voltage, E, is defined as: 
𝐸 = 𝐸𝑒𝑞 − 𝑗𝑅Ω − 𝜂𝑎 − |𝜂𝑐| − 𝜂𝑚,          (Eq. 1.4) 
, where: 
• jRΩ is the ion conduction resistance; 
• ηa is the anode overpotential; 
• ηc is the cathode overpotential; 
• ηm is the mass transport resistance. 
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PEMFC main drawback is represented by the kinetic losses resulted from the ORR sluggish 
kinetics, hence developing high ORR activity electrocatalyst is a research avenue. Past efforts on 
model electrocatalysts which were recently transferred to metal nanoparticles offered a 
comprehensive understanding on the effect of particle size towards ORR[33–40]. DFT studies[41] 
predicted that alloying Pt with transition metals will significantly increase the ORR activity[42–46]. 
The electrochemical stability of Pt during PEMFC operating conditions has been treated thoroughly 
as well[28,29,31,32,47–51]. 
Another key-factor in fuel cell degradation is the carbon corrosion. During start/stop cycling, the 
cathode potential moves to high values and H2 and air passes through the membrane. In this time 
the oxygen present in the anode side is reduced to water (anodic ORR). Protons are needed in order 
for the anodic ORR to take place. These are generated in carbon oxidation, oxygen evolution and 
platinum oxidation on the cathode side. Simultaneously, the ORR and hydrogen oxidation takes 
place which internally short-circuits the fuel cell. In this regime, called the reverse current 
region[30], the normal operation acts as the power source while the reverse current region acts as a 
power sink[52]. This regime results in a severe degradation of the carbon support. All in all, the Pt 
degradation is as important as the carbon corrosion which calls for highly corrosion resistant 
materials for PEMFC. 
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2. Research Questions 
Platinum electrocatalytic activity for PEMFC is governed by the particle size[33,34,39,40,53,54] 
and shape[55–60]. The role of the support in this reaction is not entirely understood, yet. Another 
bottleneck in the commercialization of PEMFCs is the long term stability of the electrocatalyst (i.e. 
Pt) and the support. The complexity of the degradation is given by the variety of mechanisms: 
platinum dissolution, coalescence and detachment, Ostwald ripening and carbon 
corrosion[29,31,32,48,50,61]. It is widely acknowledged now that the carbon corrosion is a primary 
degradation phenomenon[29] especially during start-up/shutdown conditions[62–66]. 
Currently, there is no vision of how a support should look like from the morphological, structural 
and compositional point of view. This is mainly caused by the fact that there is no complete 
understanding of the role of the support on the overall electrochemical activity and stability. 
Therefore, the aim of this work is to use a top-down approach so as to find the general requirements 
of a material to be considered as a catalyst support. These findings are used in a bottom-up 
approach with the aim of synthesizing a material which is highly stable and facilitates the oxygen 
reduction reaction on Pt surfaces. 
In order to do so, a series of questions have to be answered. What is the carbon structure that has 
the most negative influence on the stability and activity of Pt? What is the effect of acid 
functionalization of defect-free carbon on the activity and stability of Pt? Are the commercially 
available nanostructured carbons (i.e. carbon nanotubes) composed of rolled defect-free graphene? 
Are ceramic materials more stable than nanostructured carbon? Is it possible to design a catalyst 
support which can withstand the harsh oxidation environment?  
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3. Methodology 
The current thesis was designed to synthesize new materials acting as PEMFC electrocatalyst 
support, test their electrochemical activity of reducing oxygen and compare them with 
commercially available samples or in-house standards. In order to do so, a wide spectrum of 
physicochemical techniques was used to document the structure and investigate the morphology of 
the prepared materials. The methods are well known and widely used in the literature hence a brief 
description is sufficient.  
The targeted materials are oriented towards PEMFC application. Due to a long list of disadvantages, 
the samples were not tested in a proper fuel cell. The materials aimed for are remarkably different 
when compared to the standard materials (i.e. active carbon) which will automatically result in 
difficulties in ink formulation, electrode optimization, MEA reproducibility[40] etc. Moreover, the 
MEA fabrication does not have an internationally acknowledged protocol which makes it very 
difficult to compare results between different research groups. Therefore, the use of a single cell 
stack is not proper for scrutinizing new materials. However, the rotating disk electrode (RDE) 
procedure is widely used for determining intrinsic catalytic properties[67–69]. This is described in 
detail in the second subsection of this chapter. 
Different synthesis strategies were used in order to obtain the desired materials. These are 
summarized at the end of this chapter. 
3.1 Physicochemical characterization 
Microscopy techniques 
High resolution – transmission electron microscopy (HR-TEM) images were obtained at 200 kV 
with a JEOL 220S (Japan) microscope. Regular TEM images were recorded at 120 kV by means of 
a Tecnai 12 Bio Twin microscope.  
Scanning electron microscopy (SEM) images were recorded with a Hitach S-4800 microscope 
equipped with a cold field-emission electron source. An XFlash® 6 (Bruker, Germany) detector was 
coupled to the SEM in order to obtain energy dispersive spectra (EDS). 
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Gravimetry 
Thermo gravimetric analyses (TGA) were performed by means of Netzsch STA-449-F3. The 
heating profile consisted of a heating step to 1000oC with a 20o K min -1 rate in artificial air (40 ml 
min-1 nitrogen and 10 ml min-1 oxygen). The same program was used throughout the thesis unless 
otherwise stated. 
Crystal structure 
X-ray diffraction (XRD) was recorded using a Siemens D-5000 diffractometer equipped with a Cu 
Kα radiation source (1.5418 Å). Diffractograms were recorded in reflection geometry between 
2θ=10o and 85o at a 0.02o step and a 12 s dwelling time per step. The crystal structures were 
confirmed by comparing with the standardized powder diffraction files from the International 
Centre for Diffraction Data (ICDD). 
Spectroscopy techniques 
X-ray photoelectron spectroscopy (XPS) data was collected using a SPECS® spectrometer equipped 
with a MgKα source (1253.2 eV). The survey spectra (2.5 eV resolution) and the high resolution 
spectra (1.3 eV) were analysed with CasaXPSTM software. A Shirley approximation was used for 
the background correction while 100% Gaussian peaks were used for peak deconvolution. 
Raman spectra were performed using a custom build system. Samples were irradiated with a 532 
nm Quantum Ventus Laser (Stockport, UK) coupled to an Olympus BX60 (Tokyo, Japan) 
microscope. The laser power at the samples was maintained at 27 mW. The PIXIS 400F CCD 
detector (Princeton Instruments, Acton, MA) was cooled to -750C. The Raman light was collected 
by Acton SpectraPro 2500i through a 63 µm fibre. The spectrum was averaged five times in the 
region 700-3100 cm-1 with a 10 s integration time. 
These are the defined configurations which were used throughout the thesis unless otherwise stated. 
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3.2 Electrochemical measurements  
The materials tested within this thesis are intended for fuel cell use. The final product should have 
an increased activity and/or stability when compared to the standard fuel cell cathode 
electrocatalysts (i.e. Pt/C). This calls for a rather quick, but reproducible, evaluation of materials. 
However, fuel cell testing is not that straightforward. One needs to build an MEA every single time 
in order to test whether or not a material is useful as a fuel cell electrocatalyst. This means that for 
all the materials one needs to spray the electrocatalyst on a carbon paper which will act as the 
cathode. A standard fuel cell electrocatalyst, sprayed on another carbon paper, acts as an anode. 
Then, a piece of membrane is sandwiched between the cathode and the anode in order to obtain the 
well-known MEA. Even though at first glance it does not look as a complex problem, the addition 
of ink formulation makes it a highly complicated scrutinizing technique. Moreover, a three-phase 
boundary should be achieved in order to get any information about the material to be tested. This 
means that the reactant gasses, protons and electrons should all meet at the catalytic sites in a 
structure which is several µm thick. Therefore, mass transport limitation is an added “bonus”. 
Testing one unknown component in a highly complex, non-reproducible, system does not seem to 
be the most self-evident solution.  
A rotating disk electrode (RDE) has been proposed with the purpose of overcoming all the above 
mentioned problems[70]. This allowed the modelling of a total flooded thin film electrode which 
opened the road for testing fuel cell electrocatalysts. The method was improved by reducing the 
diffusion resistance through the thin film[67] which was mainly caused by the large Nafion content 
in the electrode structure. Gasteiger et al. delivered the activity values for several commercially 
available carbon supported Pt and Pt alloys as well as for some non-precious metal catalysts[40]. 
The work by Mayrhofer et al. provided the general guidelines to perform reliable half-cell 
electrochemical measurements[39]. 
3.2.1 Electrochemical setup 
An all glass two compartment three electrode electrochemical cell was used for all the activity 
measurements. A Pt coil with approx. 40 windings encapsulated in a glass tube with a bottom 
ceramic frit was used as the counter electrode throughout this thesis. A dynamic hydrogen electrode 
(Hydroflex®, Gaskatel) was used as a reference electrode. The RDE (Pine Instruments) with a 
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glassy carbon insert (0.196 cm2) and connected to a rotating shaft was used as the working 
electrode. The electrode setup inside the electrochemical cell is presented in Figure 3.1. A glassy 
finish was assured for the working electrode before starting any activity measurements. The 
electrochemical cell, counter electrode compartment and the Pt wire were placed in hot (approx. 
70oC) ultrapure water (>18.2 MΩ, Millipore) in order to protect the electrochemical setup from 
environmental contamination. 
 
Figure 3. 1 Top view (A) and side view (B) of the electrochemical cell used throughout the thesis. RE: reference 
electrode; WE: working electrode; CE: counter electrode 
Even though at first sight the electrochemical setup might look simple it poses several problems. In 
order to measure low currents (µA range) there is a need for highly pure components such as 
electrolyte and glass-ware. The electrolyte was prepared only from perchloric acid (TraceSelect®, 
SigmaAldrich) and ultrapure water. Another concern is measuring the correct parameters, i.e. 
current and potential. In order to measure a current, a potential is applied to the working electrode 
vs. the potential difference between the working and the counter electrode measured. The reference 
electrode measures the potential between the working and the counter electrode, therefore a highly 
stable reference electrode is needed. Most of the commercially available reference electrodes are 
using a redox system with a constant concentration in order to obtain a highly stable potential. This 
involves the use of a chloride or sulphate containing buffer solution. The electrochemical activity 
measurements of Pt is altered even in the presence of trace amounts of chloride and sulphate 
[35,71–73], thus the reference electrode can be a source of contamination. Mayrhofer et al. 
introduced an ion conducting membrane in order to separate the reference electrode from the 
working electrode, thus containing the possible contamination sourced from the reference 
electrode[74]. However, there are other ways of overcoming this issue, such as the use of a 
reference electrode like a dynamic hydrogen electrode (Hydroflex®, Gaskatel) which has no 
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contamination source. The aspects concerning the measurement of potentials is one side of the 
problem, the other one is applying the intended potential. 
The main function of a potentiostat is to apply a potential and measure the current. Figure 3.2 shows 
the distribution of resistors in a three electrode electrochemical cell. The potential U, in Figure 3.2, 
is the potential which is controlled by the potentiostat. Unfortunately, E is the potential of interest. 
It can be clearly seen that just applying a potential with a potentiostat is not enough to conduct an 
experiment. In Figure 3.2 Rcomp stands for the resistance that needs to be compensated, the path 
between the working electrode and reference electrode. This is also known as a voltage drop: 
𝑈 = 𝐸 − 𝑖𝑅𝑐𝑜𝑚𝑝 
This is of utmost importance in electrochemistry[75] and particularly in the activity measurements 
of fuel cell electrocatalysts[39,40]. The activity is reported at 0.9 VRHE which means that a large 
potential drop can affect the potential at which the activity is assigned. This can be easily overcome 
either by the potentiostat software or as a numerical post-treatment.  
 
Figure 3. 2 Illustration of resistors in a three electrode electrochemical cell. PA: potential amplifier; Rref: reference 
electrode resistor; RCE: counter electrode resistor; Rcomp: uncompensated resistor; RWE: working electrode resistor; E: 
intended potential to be applied; U: applied potential 
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3.2.2 Electrochemical activity measurements 
Any electrocatalyst intended for fuel cell application should possess a large electrochemical surface 
area (ESA) and should exhibit a good activity for electrochemical reduction of oxygen. There are 
several ways of determining the active surface of a catalyst. The most common used techniques are 
based on the charge needed to oxidize the adsorbed H (Hupd)[39] or to oxidize CO to CO2, known as 
CO stripping[33,34]. The Hupd is measured from regular CVs in oxygen free electrolytes which 
makes the method widely used. Nonetheless, this particular method cannot be used for Pt alloys due 
to the fact that hydrogen is not adsorbed on all the metal surfaces. CO stripping offers the advantage 
of ESA determination for Pt and its alloys[43,44]. It was shown recently that CO-stripping 
drastically increases the Pt dissolution[76] which might affect the correct determination of activity 
and/or stability. Therefore, the Hupd is used for determining the ESA, taking into consideration that 
throughout the thesis only Pt based electrocatalysts are tested.  
 
Figure 3. 3 A representative CV of Pt nanoparticles supported on a low surface area substrate.  
The common regions of a polycrystalline Pt CV is illustrated in Figure 3.3. The yellow region is 
known as the double layer charge (DLC) and it is, in general, a region with very low capacitive 
currents. Carbon materials with a large surface area are believed to possess a large DLC[77–80]. 
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Despite this general belief, it has been recently shown that carbon materials with a large surface 
area does not automatically result in a larger DLC[81]. The green area in Figure 3.3, between 0.05 
and 0.4 VRHE, is the region where hydrogen is adsorbed and desorbed and known as the Hupd. 
Hydrogen is known to adsorb on preferential Pt crystallographic planes[82] which may offer some 
insights in Pt-support interaction[83]. The Pt-oxide region, marked red in Figure 3.3, is known for 
the formation of Pt-oxide above 0.85 VRHE on the anodic sweep, which is reduced on the cathodic 
sweep with a peak centred around 0.8 VRHE. 
The determination of the electrochemical surface area is based on the assumption that the support 
exhibits a rectangle-like DLC which has very small capacitive currents and can be approximated by 
a line in the 0.05-0.4 VRHE region. Another assumption is that the charge density of bulk Pt is 210 
µC cm-2 and it is independent of form and shape. A regular CV is plotted as an I-V curve, but in this 
case the potential is dependent on time due to the scanning speed. The x-axis in Figure 3.3 is time 
dependent, thus integrating the area under the anodic Hupd curve results in the charge associated 
with the oxidation of adsorbed hydrogen. The whole process of determining the ESA is illustrated 
in Figure 3.3. In order to compare the ESA across different research groups, this is reported in 
connection to the mass, as specific electrochemical surface area (ECSA), by dividing the ESA to the 
Pt electrode mass: 
𝐸𝐶𝑆𝐴 = 𝐸𝑆𝐴
𝑃𝑡𝑚𝑎𝑠𝑠
 [𝑚2 𝑔𝑃𝑡−1] 
The other two important activity parameters, specific activity (SA) and mass activity (MA), are in 
connection with the kinetic current at a specific potential. The extraction of the kinetic parameter is 
based on the rotating disk electrode method in a fully flooded electrode of a known geometrical 
area[84]. This has been refined several times for fuel cell electrocatalysts[39,67,85]. It starts with 
the measurement in Ar saturated electrolyte (0.1 M HClO4) at 0 rpm and at 400, 900, 1600 and 
2500 rpm in O2 saturated electrolyte as it can be seen in Figure 3.4. A 0.05 V s-1 scanning speed has 
been used throughout this thesis unless stated otherwise. A small hysteresis can be observed in 
Figure 3.4 between 0.8 and 1 VRHE for the CVs recorded at different rotating speeds. On the 
cathodic sweep the Pt-oxide formed on the anodic sweep needs to be reduced. The Pt-oxide 
reduction potential is dependent on the upper potential limit. Therefore, for a correct activity 
determination only anodic ORR sweeps should be used. 
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 Figure 3. 4 CVs of Pt supported catalysts recorded in Ar saturated 0.1 M HClO4 and O2 saturated 0.1 M HClO4at 400, 
900, 1600 and 2500 rpm at 0.05 V s-1. 
 
Figure 3. 5 Background corrected anodic ORR Pt supported catalysts recorded in O2 saturated 0.1 M HClO4at 400, 900, 
1600 and 2500 rpm at 0.05 V s-1. 
14 
 
Any CV, especially for Pt supported catalysts, is composed of Faradaic currents and capacitive 
currents. Only Faradaic currents are of interest for determining the kinetic parameters. In this 
respect, the subtraction of the Ar signal is imperative for a correct kinetic estimation as shown in 
Figure 3.5. The ORR sweeps has a diffusion limiting region at potentials smaller than 0.6 VRHE 
governed by the RDE mass transport characteristic which can be determined using the Levich 
equation: 
𝑖𝑑 = −0.62 ∗ 𝑛 ∗ 𝐹 ∗ 𝑆𝑔𝑒𝑜 ∗ 𝑐𝑂2 ∗ 𝐷2/3 ∗ 𝜈−1/6 ∗ 𝜔1/2 
, where n is the number of electrons involved, F is Faraday’s constant (96485 C mol-1), Sgeo is the 
geometrical area of the electrode which is maintained at 0.196 cm-2, cO2 is the oxygen bulk 
concentration in the electrolyte (1.26 10-6 mol cm-3), D is the diffusion coefficient of the reactant 
gas (i.e. oxygen) in the electrolyte (1.93 10-5 cm2 s-1), ν is the kinematic viscosity (0.01 cm2 s-1), and 
the angular velocity, ω (rad s-1)[84]. It is clear now that id is a geometrical limited current. In a 
mixed kinetic-diffusion regime the measured current can be defined as: 1
𝑖
= 1
𝑖𝑘
−
1
𝑖𝑑
⇒ 𝑖𝑘 = 𝑖𝑑𝑖𝑖𝑑 − 𝑖 
, where i is the measured current, ik is the kinetic current and id is the diffusion limiting current. In 
order to apply this simple relation, one needs to achieve a similar id to the theoretical value. For the 
system used throughout this thesis the diffusion limiting current at 400, 900, 1600 and 2500 rpm 
should be approx. -3, -4.54, -6 and -7.55 mA cm-2, respectively, for a geometrical electrode with an 
area of 0.196 cm-2. These values have been reached with less than 5% deviation. 
The specific activity is defined as the kinetic current normalized to the ESA: 
𝑆𝐴 = 𝑖𝑘
𝐸𝑆𝐴
 [𝑚𝐴 𝑐𝑚𝑃𝑡−2] 
The mass activity is the kinetic current normalized to the Pt electrode mass: 
𝑀𝐴 = 𝑖𝑘
𝑃𝑡𝑚𝑎𝑠𝑠
= 𝐸𝐶𝑆𝐴 ∗ 𝑆𝐴 [𝐴 𝑚𝑔𝑃𝑡−1] 
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3.2.3 Electrochemical stability studies 
There are several degradation protocols available in the literature[29,31,86–90]. The tested 
materials are formed of two major components: the electrocatalysts (i.e. Pt nanoparticles)  and the 
support. The most used support is active carbon which is thermodynamically unstable at potentials 
larger than 0.207 VRHE[22], even if at this potential no carbon corrosion takes place due to the 
sluggish kinetics. Pt is thermodynamically unstable as well at potentials larger than 0.85 VRHE at 
pH<2. This has been recently documented on a Pt wire[24] which is accelerated for 
nanoparticles[47]. Other degradation phenomena have been documented, such as: particle 
agglomeration, coalescence, detachment and Ostwald ripening[29,32,50,62,63]. Meier et al. 
proposed that Pt dissolution and carbon corrosion should be treated as primary degradation 
mechanisms while particle agglomeration and detachment and Ostwald ripening to be considered as 
secondary degradation mechanisms[29,49]. 
A simple degradation protocol has been proposed at the initial stage of this thesis. It consisted of 
cycling for 5,000 cycles between 0.05 and 1.3 VRHE at 0.2 V s-1 (AST I). This allowed the 
degradation of the sample while offering the possibility of measuring the ESA. So, no other tests 
were needed for quantifying the extent of the degradation. Soon it has been observed that half-cell 
degradation studies are highly complex due to the interconnectivity of each degradation 
phenomena. Therefore, it was not possible to conclude if the electrocatalyst, support or the interface 
of these two are the main degrading component. The use of a dual step degradation protocol was 
proposed recently[87] in which a square wave potential is used to produce an electrocatalyst 
oriented degradation (AST II) while a triangle wave potential is used to corrode the support (AST 
III). A 3s step at 0.6 VRHE and 1 VRHE making up to 6s/cycle for 10,000 cycles was used to degrade 
the electrocatalyst. The ESA was determined every 1000 cycle. AST III uses a 0.5 V s-1 scanning 
speed between 1 and 1.5 VRHE for 30,000 cycles to degrade the support. In this case, the ESA was 
determined every 2500 cycles. No evidence was supplied to support the fact that AST II degrades 
the electrocatalyst while AST III corrodes the support[87], however this was recently 
confirmed[32,63,81,91].  
3.3 Material synthesis 
A short description of the material synthesis method developed at the Department of Chemical 
Engineering, Biotechnology and Environmental Technology, University of Southern Denmark is 
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described in the following. The aim was to design a Pt nanoparticle synthesis procedure with a very 
narrow size distribution which can be used for all the supports. Different supports were synthesized 
based on slightly modified procedures available in the literature. 
3.3.1 Platinum nanoparticle synthesis 
Two different synthesis procedures were used to produce Pt nanoparticles with a diameter of 3 and 
5 nm, respectively. A three neck round bottom glass was used as the reaction vessel to which a 
condenser was connected and placed in an oil bath (Figure 3.5 A). The initial colour of the solution 
is pale yellow (Figure 3.5 B) while a black colour is obtained at the end of the polyol synthesis 
(Figure 3.5 C). This change in colour corresponds to the Pt band formation. 
 
Figure 3. 6 The experimental polyol setup (A), the colour of the solution before the reduction of Pt (B) and after the 
reduction process is completed (C). 
Platinum nanoparticles – 3 nm 
The synthesis used was based on a modified polyol method[92]. Ethylene glycol (99%, VWR), 
K2PtCl4 (46.75% Pt, Alfa-Aesar), polyvinylpyrrolidone with Mw=55,000 (PVP, Sigma Aldrich) and 
acetone (99%, VWR) were used for Pt nanoparticle synthesis without any further purification. In a 
three neck reaction vessel, 40 ml of ethylene glycol containing 4.8 mM K2PtCl4 and 3mM PVP was 
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vigorously stirred until complete dissolution and refluxed for 3h at 160o C with Ar purging. Approx. 
300 ml of acetone was added to the solution after reaching room temperature and stirred for 12 h. 
The Pt nanoparticles were isolated by centrifugation at 4500 rcf (Eppendorf 5804). Further on, 
ultrapure water was added to the Pt nanoparticle solution followed by ultrasonication for dispersing 
the nanoparticles. Then, the Pt nanoparticles were isolated and dispersed again in water. This 
procedure was repeated 6 times in order to remove any organic impurities.  
Platinum nanoparticles – 5nm 
Two stock solutions of 6 mM H2PtCl6*6H2O (37.5% Pt, Sigma-Aldrich) and 6 mM PVP were 
prepared beforehand. 50 ml of ethanol (99.9%, VWR) was refluxed for 30 min in a three neck 
reaction vessel. 50 µl of PVP stock solution was added to the ethanol along with 100 µl of Pt stock 
solution. The reaction took place at 160o C with Ar purging for 3h. The isolation of Pt nanoparticles 
was performed in the same manner as for the synthesis of the 3 nm Pt nanoparticles. 
Platinum deposition 
The support was dispersed in 10 ml acetone by ultrasonication to which the desired amount of Pt in 
acetone was added. This was denoted as physical deposition. This resulted in the deposition of Pt 
nanoparticles only on the outside surface of the support. In another deposition technique, the 
support is dispersed in the Pt salt solution before the reduction of the Pt salt which makes it possible 
for the Pt to nucleate directly on the support, chemical deposition. The main difference between the 
two deposition procedures was that Pt nanoparticles are physically attached to the support while in 
the latter they nucleate on the support. 
3.3.2 Synthesis of alternative supports 
Silicon carbide synthesis 
The synthesis of silicon carbide (SiC) was developed by Dr. Rajnish Dhiman at the University of 
Southern Denmark[93–95]. Two different synthesis routes have been used to synthesize SiC: solid 
phase reaction (SPR), shape memory synthesis (SMS) and nanospheres (NS). SiC-SPR is 
synthesized by mixing silicon powder with active carbon (Vulcan XC-72, Cabot), placed in a 
horizontal furnace (Lenton Thermal Designs, Ltd.) and heated to 1500oC for 12 h at a 300oC h-1 
heating rate. Ar was flowing during the synthesis at 300 ml min-1. SiC-SMS was synthesized by the 
reaction of C with SiO gas which was produced in-situ by reacting Si with SiO2. A piece of wood 
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was carburized beforehand and used as the C template during the synthesis. The difference between 
SiC-SMS and SiC-NS is the carbon source. Active carbon (Vulcan XC-72, Cabot) was used as the 
carbon source for the synthesis of SiC-NS. For further details on the silicon carbide synthesis the 
reader should consult Dr. Dhiman’s work[93–95]. 
Synthesis of Niobium carbide, nitride and oxide 
Group 6 carbides, nitrides and oxides were targeted initially. The synthesis is based on a metal-urea 
precursor which is followed by a heat treatment[96,97]. This turned out to have a low 
reproducibility rate. Moreover, an extended study on the use of Mo and W carbides had proven that 
Group 6 carbides and nitrides are not stable for extended use in PEMFC similar conditions[98,99]. 
Therefore, the synthesis procedure was oriented towards a material which was not tested, niobium. 
Even in this case the synthesis is not highly reproducible. An extended description of the synthesis 
procedure can be found elsewhere[89,97]. 
NbCl5 (95%, Sigma-Aldrich) is dissolved in ethanol (99%, VWR) which releases large amounts of 
hydrogen chloride gas. Urea is added in molar ratio of 1 or 10 and heat treated for 12 h at 900oC 
with a heating ramp of 300oC h-1 which results in NbC and NbN, respectively. Ar was passed 
through at 300 ml min-1 during the entire synthesis procedure. It was observed that the respective 
oxide can be obtained if Ar is flowed only until the full decomposition of urea (i.e. 500oC). 
  
19 
 
4. Nanostructured Carbon Based 
Electrocatalyst Supports 
The activity of a fuel cell electrocatalyst is dependent on many key factors, such as: Pt particle size 
and shape[53,54,100], average interparticle distance[36,49] and Pt-support interaction[101]. The 
durability of a standard Pt/C fuel cell electrocatalyst is governed by the thermodynamic stability of 
the catalyst (i.e. Pt) and support. Bulk Pt is rather stable under PEMFC operating conditions. 
However, Pt is used in the form of nanoparticles which makes them more prone to dissolution with 
decreasing size, due to the so-called Gibbs-Thomson effect[47]. The most used fuel cell catalyst 
support is amorphous carbon which is known to undergo oxidation at potentials larger than 0.207 
VRHE[22], even though no corrosion is taking place at this low potential due to sluggish kinetics. 
Potential spikes up to 1.5 VRHE are known to occur during fuel starvation[29] in a fuel cell which 
makes the carbon support likely to corrode.  
Taking into consideration that amorphous carbon is formed of spherical particles containing both 
highly ordered carbon (i.e. graphitic) and disordered/defect carbon, one should expect that the 
corrosion starts initially at the more disordered carbon. Carbon can take different forms which can 
favour the appearance of a specific type of carbon, for example sp2 carbon for graphenes and carbon 
nanotubes. Multi-walled carbon nanotubes (VGCF-XTM, Showa Denko, Japan) and carbon 
nanofibers (VGCFTM, Showa Denko, Japan), two different types of commercially available carbon 
have been platinized and electrochemically tested. Structural and morphological characterization 
along with the electrochemical activity and stability of these materials are presented in the 
following. The results and conclusions are based on the findings from the work published in 
collaboration with Esko Kauppinen’s group from the Department of Applied Physics, Aalto 
University[102]. 
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4.1 Carbon nanostructures suited for supporting 
ORR catalysts 
There are several studies treating the influence of different carbon structures on the activity and 
stability[103–108]. Moreover, it seems that the surface functionalization prior platinization plays a 
key role as well[102,105,109]. Even though the amount of published work should be sufficient to 
draw a clear conclusion, it appears that some of the reports are actually modifying more than one 
parameter. As stated in the beginning of this chapter, the electrocatalyst activity and durability are 
influenced by Pt size, shape and average interparticle distance as well as the support nature. 
Therefore, changing both the support nature and Pt size will lead to a flawed conclusion.  
The aim of the work presented in this subchapter is to establish if there is any difference in the 
activity and stability of Pt supported on pristine and functionalized graphitized carbon nanofibers 
(GNFs) and multi-walled carbon nanotubes (CNTs). Pt was deposited on the supports by a well-
established microwave-assisted polyol method carried out in collaboration with Maryam Borghei 
from the Department of Applied Physics, Aalto University.  
4.1.1 Physicochemical characterization 
An extended structural and morphological characterization was carried out in order to understand 
the effect of the acid functionalization on the support’s surface. This included the use of TGA, 
XRD, Raman spectroscopy, XPS and TEM. Before starting this topic, the reader should bear in 
mind that GNFs possess a highly graphitized character due to the annealing at 2800oC. The CNTs 
are by no means perfect rolled graphene sheets which makes the CNTs a rather disordered structure. 
The change in the surface composition is remarked for the first time by the TGA presented in 
Figure 4.1. It is clear that the Pt loading is increasing for the functionalized samples, from 15.2% to 
20.6% for the GNF based samples and from 17.1% to 18.3% for the CNT based samples. This 
increase indicates that Pt has more adsorption sites, therefore more Pt can nucleate and grow. Two 
more interesting facts can be observed from the TGA. First, the initial decomposition temperature 
for the GNF based samples is increased by almost 80oC from 430oC for Pt/CNT and Pt/F-CNT to 
510oC for Pt/GNF and Pt/F-GNF, respectively. It should be noted that these low initial 
decomposition temperatures are reached due to the presence of Pt which acts as catalyst[108]. 
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Second, is the loss of graphitic character of the functionalized samples, this can be clearly seen for 
the CNT based samples. For Pt/CNT a second decomposition starts around 500oC where the 
sample’s relative mass is around 35% while for the Pt/F-CNT this is starting around 24%. This 
second decomposition has been previously reported to be associated with the amount of the 
graphitic carbon[110]. In order to do so, one should take into account the remaining Pt mass as well. 
Nonetheless, it is an indication that the functionalization procedure is destroying the ordered carbon 
structure. A similar effect can be observed for the GNF based samples. 
 
Figure 4. 1 TG analysis of Pt/GNF (black line), Pt/F-GNF (red line), Pt/CNT (green line) and Pt/F-CNT (blue line). The 
dashed lines are indicating the initial decomposing temperature. 
The presence of Pt in metallic form is confirmed by the XRD (Figure 4.2) and compared with the 
powder diffraction file (ICDD PDF 00-004-0802) with the specific lines at 2θ = 39.6o, 45.9o, 67.6o 
and 81.7o which is assigned to the Pt (111), Pt (200), Pt (220) and Pt (311). The Pt crystallite size 
was determined using the Scherrer formula for the Pt (111) peak which is approx. 3 nm for all the 
samples. 
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Figure 4. 2 XRD of Pt/GNF (black line), Pt/F-GNF (red line), Pt/CNT (blue line) and Pt/F-CNT (magenta line). 
The appearance of a dominant line around 2θ = 26o in Figure 4.2 indicates a major difference 
between the GNF and CNT based samples which is in line with the TGA findings. This line is 
specific for the C (002) reflection according to the diffraction pattern (ICDD PDF: 00-0041-1487). 
This peak is not completely resolved for the CNT based sample suggesting that Pt/GNF and Pt/F-
GNF have a more crystalline support. The d spacing has been estimated to be 0.3391 nm for 
Pt/GNF and 0.3416 nm Pt/F-GNF. It is rather straightforward to estimate the graphitization degree 
by using the following formula[102,111]: 
(𝐺) = 0.344 − 𝑑0020.344 − 0.3354 
, where the d spacing for a turbostratic carbon is 0.344 nm while for graphitized carbon is 0.3354 
nm. Therefore, a turbostratic carbon should possess a 0% (G) while for a highly graphitized carbon 
(G) should be 100%. Taking into consideration that the d spacing for Pt/GNF and Pt/F-GNF has 
been estimated to be 0.3391 and 0.3416 nm, respectively, the graphitization degree resulted to be 
57% and 28% for Pt/GNF and Pt/F-GNF, respectively. This means that the support in Pt/F-GNF is 
more disordered than in Pt/GNF due to the acid functionalization. 
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Further on, the support structure was characterized by Raman spectroscopy showed in Figure 4.3. 
For Pt/GNF and Pt/F-GNF the spectrum is composed of a D (disordered) band situated at approx. 
1350 cm-1, G (graphitic) band at approx. 1580 cm-1 with a small shoulder at 1620 cm-1 attributed to 
a D’ band. The intensity ratio between the D and the G band (ID/IG) is an indicator on the 
graphitization order, which resulted to be 0.24 and 0.26 for Pt/GNF and Pt/F-GNF, respectively. 
This is in line with the XRD findings which suggested that the support for Pt/GNF is more ordered 
than the one for Pt/F-GNF. The Raman spectra for Pt/CNT and Pt/F-CNT are slightly different. 
First of all, the D band is located around 1310 cm-1 due to its well-known dispersive 
character[112,113] while the G band is located at the same position, 1580 cm-1. However, the peak 
appears to be more centred towards 1620 cm-1 due to the more pronounced D’ band. The obtained 
ID/IG for Pt/CNT and Pt/F-CNT are 1.38 and 1.45, respectively, which indicates that the 
functionalization process destroyed the highly organized carbon structure presence in the pristine 
sample. All in all, it can be concluded that the following trend occurs concerning the graphitization 
degree, as previously reported[102]: 
Pt/GNF > Pt/F-GNF >>> Pt/CNT > Pt/F-CNT   (Eq. 4.1) 
 
Figure 4. 3 Raman spectra of XRD of Pt/GNF (black line), Pt/F-GNF (red line), Pt/CNT (blue line) and Pt/F-CNT (magenta 
line). 
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 Figure 4. 4 TEM images of Pt/GNF (A), Pt/F-GNF (B), Pt/CNT (C) and Pt/F-CNT (D) 
The TEM investigations presented in Figure 4.4 are showing the Pt particles as black spheres and 
the support as light-grey. In the case of Pt/GNF and Pt/F-GNF, the Pt nanoparticles appear to be 
more agglomerated, with some Pt stacking in some instance. This is caused due to the small 
available surface area (13 m2 g-1, supplier information) which forces the Pt to agglomerate. 
However, the CNTs have a larger surface area (270 m2 g-1, supplier information) which offers more 
hosting surface for the Pt. Therefore, Pt has a better dispersion on the support in the case of the 
CNT based than for the GNF samples. Nonetheless, no striking difference can be observed by TEM 
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between the pristine samples and the functionalized samples. The reader should bear in mind that 
TEM is a local probing technique which makes it less probable to discern minor changes which 
could add up in a global difference. A similar Pt particle distribution is obtained for all the samples 
as showed by the particle histogram illustrated in Figure 4.5. Pt/GNF is exhibiting a wider particle 
distribution with the minimum at 2 nm and a maximum of 6 nm, while the other samples have a Pt 
particle size in the range of 3-5 nm. Nonetheless, the obtained average Pt particle size for Pt/GNF, 
Pt/F-GNF, Pt/CNT and Pt/F-CNT is 3.2, 3, 3.1 and 3 nm, respectively. As expected, the average Pt 
particle size is similar for all the samples which confirms the good control of the Pt synthesis, 
reducing the effect of particle on the ORR activity[53]. In order to compare samples with different 
supports, a main prerequisite is to maintain other possible variables as constant as possible 
therefore, obtaining a similar Pt particle sizes is of an utmost importance.  
 
Figure 4. 5 Particle size (diameter) histogram for Pt/GNF (black bar), Pt/F-GNF (red bar), Pt/CNT (green bar) and Pt/F-
CNT (blue bar) obtained from counting approx. 200 particles in several TEM pictures. 
4.1.2 Electrochemical activity and stability 
The physicochemical characterization presented in the previous subsection showed that the supports 
for the four samples Pt/GNF, Pt/F-GNF, Pt/CNT and Pt/F-CNT exhibit significant difference while 
maintaining a similar Pt particle size. The electrochemical performance was evaluated in an all 
26 
 
glass three-electrode two-compartment electrochemical cell. The available electrochemical area, 
ESA, was evaluated from the HUPD region with subtraction of the double layer charge contribution.  
 
Figure 4. 6 The CVs of Pt/GNF (black line), Pt/F-GNF (light grey line), Pt/CNT (red line) and Pt/F-CNT (orange line) were 
recorded at 0.05 V s-1 between 0.05 and 1.3 VRHE in Ar saturated 0.1 M HClO4. The geometrical area of the working 
electrode was 0.196 cm-2. 
The CVs recorded for the samples are plotted in Figure 4.6 and resemble a Pt/C characteristic shape 
where hydrogen is adsorbed and desorbed below 0.4 VRHE. Above 0.7 VRHE, a Pt oxide is starting to 
form on the anodic sweep and reduced on the cathodic sweep with a peak centred at approx. 0.8 
VRHE. The ECSA was obtained by dividing the ESA to the Pt electrode mass. It is worth noting here 
that due to electrode optimization the Pt electrode loading for the nanofiber based samples is 
doubled, therefore exhibiting a larger ESA but a smaller ECSA. For Pt/GNF, Pt/F-GNF, Pt/CNT 
and Pt/F-CNT the ECSA obtained was 44, 42, 61 and 50 m2 g-1, respectively. The maximum ECSA 
can be calculated using the Pt mass per electrode, average of the nanoparticle size, Pt density (21.45 
g cm-3) and assuming that the Pt particles are perfect spheres. Then it is straightforward to 
determine the effective Pt utilization which resulted in 50%, 45%, 67% and 53% for Pt/GNF, Pt/F-
GNF, Pt/CNT and Pt/F-CNT, respectively. 
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Further on, the sample’s ability to reduce oxygen was estimated at 0.9 VRHE using an RDE. The 
background and iR corrected ORR sweep at 1600 rpm is showed in Figure 4.7. The diffusion 
limited current at potentials lower than 0.6 VRHE in O2 saturated 0.1 M HClO4 for a working 
electrode with a geometrical active area of 0.196 cm-2 should be approx. -6 mA cm-2[39] which is in 
excellent agreement for all the samples. This means that the electrodes with a larger loading were 
not affected by mass transport limitations. The onset potential is at approx. 0.96 VRHE for all the 
samples which is in accordance with previous literature[114]. However, the samples start to exhibit 
rather different ORR sweeps, where the potential at half maximum is larger for Pt/GNF and Pt/F-
GNF by approx. 40 mV than Pt/CNT and Pt/F-CNT (Figure 4.7). This is a clear indication that the 
kinetic current obtained for the nanofiber based samples is larger than for the nanotube based 
samples. Two parameters are used to assess and compare the ORR activity, the specific and mass 
activity. The specific activity (SA) or mass activity (MA) is obtained by dividing the kinetic current 
obtained at 0.9 VRHE to the ESA or Pt electrode mass.  
 
Figure 4. 7 ORR sweeps of Pt/GNF (black line), Pt/F-GNF (light grey line), Pt/CNT (red line) and Pt/F-CNT (orange line) 
recorded at 0.05 V s-1 in O2 saturated 0.1 M HClO4. The Koutecky-Levich plots at 0.9 VRHE are presented in the inset. 
The geometrical area of the working electrode was 0.196 cm-2. 
The Koutecky-Levich plots presented as an inset of Figure 4.7 reveals that the process involves 
approx. 4 e- as determined by the slope. The SA obtained for Pt/GNF and Pt/F-GNF is approx. 660 
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μA cmESA-2 and the MA is approx. 280 A gPt-1. Even though there are some slight differences in the 
values between the samples, these are within the experimental error. Surprisingly, no large 
difference are observed in terms of SA and MA for Pt/GNF and Pt/F-GNF, respectively. However, 
it is not the case for the nanotube based samples where the SA increased from approx. 380 μA 
cmESA-2 for Pt/CNT to approx. 450 μA cmESA-2 for Pt/F-CNT. The MA shows a slight decrease from 
approx. 235 A gPt-1 for Pt/CNT to approx. 220 A gPt-1 for Pt/F-CNT. It is worth noting here, that the 
standard 20 wt.% Pt/C has a SA of 260 μA cmESA-2 and a MA of 190 A gPt-1[40,89]. A 1.5 fold 
improvement in the MA is observed for Pt/GNF and Pt/F-GNF while for Pt/CNT and Pt/F-CNT the 
MA is just 1.2 larger.  
 
Figure 4. 8 The relative ESA as function of cycle number for Pt/GNF (grey line and scatter), Pt/F-GNF (light grey line 
and scatter), Pt/CNT (green line and scatter) and Pt/F-CNT (dark green line and scatter). The black solid line indicates 
the final relative ESA for BASF treated with the same ageing test. 
The ORR activity quantified by SA and MA is a main prerequisite for any potential fuel cell 
electrocatalyst. Leaving this aside, another key component is the retention of a large ORR activity 
for an extended period of time. In this respect, the samples were cycled for 5,000 cycles between 
0.05 and 1.3 VRHE with a scanning speed of 0.2 V s-1 in Ar saturated 0.1 M HClO4. The ESA was 
measured every 250 cycles in order to assess the stability of the samples over long cycling periods. 
The obtained ESA plotted as a function of cycle number is showed in Figure 4.8. Pt/GNF and Pt/F-
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GNF are retaining approx. 30% of their initial ESA while Pt/CNT and Pt/F-CNT are retaining 46 
and 58%, respectively. As a guideline, the commercially available 20 wt.% Pt/C is retaining approx. 
45%.  
The graphitized nanofiber based sample which have the largest SA and MA are rather unstable 
during long term operation. It has been previously reported that particle proximity can be 
responsible for an increased ORR activity[36,37]. Moreover, Pt stacking on carbon supports has 
been previously reported to have an enhanced SA and MA[115]. The graphitized nanofibers have a 
20 times smaller surface area compared to the carbon nanotubes which forces the Pt to 
agglomerate/stack. It seems that this effect might be responsible for the enhanced activity. 
Nonetheless, the same agglomeration is not preferred due to accelerated degradation. A large Pt 
average interparticle distance is desired for an electrocatalyst[49,116] in order to prevent the 
coalescence of Pt nanoparticles to a large extent. Therefore, the area of interest is constituted of the 
nanotube based samples as marked by the red circle in Figure 4.8 which have superior degradation 
behaviour if compared to BASF. 
A rather large difference can be observed between the nanofiber and nanotube based samples in 
terms of ORR activity despite the fact that a similar Pt particle size is obtained for all the studied 
samples. The accelerated stress test showed that even if the Pt/GNF and Pt/F-GNF are performing 
better than the nanotube based samples in terms of ORR activity. However, Pt/CNT and Pt/F-CNT 
are the better option if one takes into consideration the accelerated degradation of Pt/GNF and Pt/F-
GNF. This answer brought with it new questions: what is the reason behind the smaller ORR 
activity for Pt/CNT and Pt/F-CNT in comparison to Pt/GNF and Pt/F-GNF? Is it possible to make 
the Pt on CNT as active as the Pt on GNF? 
4.2  Improving the activity and stability of Platinum 
supported carbon nanotubes 
The results reported in Section 4.1 have clearly showed that the graphitized carbon nanofibers are 
not suited as a PEMFC electrocatalyst support. However, the findings indicated that the 
functionalization did not have a huge impact, despite the physicochemical differences found 
between the pristine and functionalized support. It is believed that the carbon nanotubes are 
chemically inert and the acid functionalization induces surface defects hence creating Pt nucleation 
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sites[117–119]. The acid functionalization creates new covalent bonds in the carbon nanotube 
structure by exposing the surface to a harsh oxidation environment. Nevertheless, the chemical 
inertness of CNTs has been the main characteristic which promoted the CNTs as a good alternative 
for the standard amorphous carbon[120,121].  
In their quest for a CNT dispersant, Simmons et al. found that the π-π interaction can be an 
alternative to the damaging acid functionalization[122]. CNT dispersion has been a long debatable 
problem until it was found that the π-π interaction between the CNT walls is causing the bundling 
effect[123]. Therefore, the introduction of a molecule which in part can be adsorbed on the CNT 
surface while another part offers the desired functionality seemed to be the reasonable 
solution[122]. Different functionalized pyrenes have been physisorbed on the surface of carbon 
nanofibers in the attempt of preserving the initial properties of the nanofibers[124]. 
Several studies have considered CNTs as a possible alternative electrocatalyst support. It has been 
found that acid functionalization[125], heat treatment[105], CNT diameter[126] and specific surface 
area[106] are individually acting as an activity and/or stability enhancer. Recently, it was showed 
that Pt d-orbitals may interact with the π-π network part of graphitic carbon[127,128]. 
Unfortunately, in most of the studies more than one parameter is changed which leaves room for an 
erroneous conclusion.  
A large number of similar studies with different conclusions were identified in the literature which 
called for a systematic study. If the chemical inertness of the CNT’s is the core of their improved 
stability, then a harsh acid functionalization would destroy exactly this property. Therefore, the aim 
of this subsection is to test the stability of such materials without damaging the CNT surface. The 
results and discussions is based on the recent publication[91]. 
An extended material characterisation is available in the published work[91]. Briefly, 1-
pyrenecarboxylic acid (PCA, C17H10O2) was used to obtain 0, 1, 2 and 5% PCA-CNT (mass 
percentage) compounds. Pt in the form of nanoparticles was synthesized by a modified polyol 
method[92]. The synthesis is explained in detail in Section 3.3. The samples were denoted as 
Pt/CNT-PCA-0%, Pt/CNT-PCA-1%, Pt/CNT-PCA-2% and Pt/CNT-PCA-5%, respectively.  
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4.2.1 Physicochemical characterization 
A similar Pt nanoparticle size distribution has to be maintained for all the samples in order for the 
electrochemical activity and stability investigations not to be flawed. The representative TEM 
image of Pt/MWCNT-PCA-0% is shown in Figure 4.9. Pt nanoparticles appear as black spheres on 
the surface of multi-walled carbon nanotubes (MWCNTs) which are light grey tube shaped. Due to 
the fact that no functionalization was performed for the MWCNT substrate, the Pt nanoparticles are 
agglomerated on the support. Even so, the Pt nanoparticles are preserving a particle average around 
3 nm which is quite similar to the samples presented in Figure 4.10. This clearly shows that the 
MWCNTs surface should be modified in such a way that it can house the Pt nanoparticles. 
 
Figure 4. 9 TEM image of Pt/MWCNT-PCA-0%. 
Figure 4.10 shows representative TEM images for all the samples. The corresponding histograms 
are showing similar Pt particle size peaking at 3.1 nm with a spread of approx. 0.4 nm. The 
presence of Pt nanoparticles with similar particle size on several surface modified supports indicates 
that the synthesis of Pt nanoparticles is highly reproducible. This provides the framework for an 
estimation of electrochemical activity independent of Pt particle size. Several Pt agglomeration sites 
similar to the ones presented in Figure 4.9 can be observed for Figure 4.10 A which are decreasing 
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with increasing PCA. The presence of a large number of Pt agglomerates may lead to an accelerated 
degradation, hence the dispersion of Pt nanoparticles on the surface of MWCNTs is preferred. 
MWCNTs are perceived as multiple graphene sheets rolled into a multi-walled tube, thus having a 
larger corrosion resistance if compared to the regular active carbon[90]. However, if this might be 
true for single-walled carbon nanotubes, it is not the case for this type of MWCNTs and in general 
for commercially available MWCNTs. The TEM pictures in Figure 4.10 show that these MWCNTs 
have kinks, which translates into the breakage of the rolled graphene sheets thus a highly defective 
structure. These materials have been extensively characterized in Section 4.1 and it was recently 
showed that the ID/IG (as determined by Raman) ratio is larger for the MWCNTs than for Vulcan 
XC-72[129]. 
 
Figure 4. 10 TEM pictures of Pt/MWCNT-PCA-1%, Pt/MWCNT-PCA-2% and Pt/MWCNT-PCA-5% (A-C) with the 
associated particle histograms below each image. Reprinted from reference [91] with permission from Elsevier. 
XPS was employed for determining the surface chemistry of the modified MWCNTs. An extended 
XPS characterization can be found in reference[91]. The C 1s XPS peaks is formed of a sharp peak 
characteristic for the sp2 hybridization and a tail towards larger binding energy which may be 
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attributed to different functional groups present on the MWCNT surface. The surface concentration 
of C-O, C=O and C=OOH are similar for all the samples. PCA contains 1 carboxylic group per each 
16 carbon atoms, therefore the contribution from the carboxylic group is rather low in terms of 
relative concentrations. The π-π interaction is increasing with increasing PCA which means that the 
PCA is adsorbed on the MWCNT surface through a π-π mechanism. 
4.2.2 Electrochemical activity and stability  
Figure 4.11 shows the mass and specific activities obtained from CVs in 0.1 M HClO4 at 1600 rpm. 
No large difference in the SA has been observed for all the samples due to the fact that a small ESA 
should result in small kinetic current. Pt/MWCNT-PCA-1% has an ECSA of 35 m2 gPt-1, hence a 
smaller kinetic current but an SA comparable to Pt/MWCNT-PCA-5%. The smallest MA is for 
Pt/MWCNT-PCA-1% (approx. 100 A gPt-1) and the largest obtained MA is for Pt/MWCNT-PCA-
5% (approx. 330 A gPt-1). Assuming that particles are spherical and that the Pt density is 21.45 g cm-
3 then the largest ECSA for 3.1 nm particles is approx. 90 m2 gPt-1. Therefore the Pt usage has been 
improved from 39% for Pt/MWCNT-PCA-1% (approx. 35 m2 gPt-1) to 85% for Pt/MWCNT-PCA-
5% (approx. 76 m2 gPt-1). 
 
Figure 4. 11 Electrochemistry results of Pt/MWCNT-PCA-1%, Pt/MWCNT-PCA-2% and Pt/MWCNT-PCA-5% with SA (red 
bar) and MA (black bar) obtained from the kinetic current at 0.9VRHE with a 0.05 V s
-1 and 1600 rpm in 0.1 M HClO4. 
ECSA (blue scatter) obtained from the Hupd region. Reprinted from [91] with permission from Elsevier.  
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The electrochemical stability was investigated by two different degradation protocols. The first one 
was used for testing other materials in our group[83,89,102] and it consists of 5000 cycles in Ar 
saturated 0.1 M HClO4 between 0.05 and 1.3 VRHE at 0.2 V s-1. Figure 4.12 A and C shows the CV 
of Pt/MWCNT-PCA-1% and Pt/MWCNT-PCA-5% at beginning of test (BOT) and end of test 
(EOT) with the representative TEM images at EOT in Figure 4.12 B and D. This protocol is 
degrading both the Pt and the support, hence a mix degradation regime will be observed. For the 
simplicity, the degradation analysis for Pt/MWCNT-PCA-1% and Pt/MWCNT-PCA-5% are shown. 
The reduction peak of Pt oxide is centred close to 0.75 VRHE for the samples at BOT. This peak is 
shifting by 31 mV for Pt/MWCNT-PCA-1% and by 14 mV Pt/MWCNT-PCA-5% at EOT. This 
difference has been associated with the decrease of the adsorption strength of OH* species, which 
has a negative impact on the ORR activity[63]. The shift towards larger potentials has been 
attributed to the reduction of Pt oxide at less oxophilic sites commonly found in larger particles[34].  
After AST II, the post-mortem TEM images (Figure 4.12 B and D) are revealing an accelerated 
degradation for Pt/MWCNT-PCA-1% when compared to Pt/MWCNT-PCA-5%. Pt nanoparticles 
are coalescing to a larger extent in the case of Pt/MWCNT-PCA-1% than for Pt/MWCNT-PCA-5%, 
as indicated by the red arrows in Figure 4.12 B. The Pt particle size histograms (Figure 4.12 F) 
show that approx. 70% of the Pt particles are below 10 nm for Pt/MWCNT-PCA-5% and only 27% 
for Pt/MWCNT-PCA-1%. Approx. 37% of the Pt particles are larger than 20 nm for Pt/MWCNT-
PCA-1% while less than 5% are found in a similar size for Pt/MWCNT-PCA-5%. The accelerated 
degradation in the case of Pt/MWCNT-PCA-1% might be caused by the agglomeration of Pt 
particles at BOT, Figure 4.10 A.  
In Section 4.1, a similar degradation protocol was used for pristine and acid functionalized 
MWCNTs (denoted as Pt/CNT and Pt/F-CNT, respectively). Pt/F-CNT retained 58% of the initial 
ESA, which is similar to the 55% obtained for Pt/MWCNT-PCA-1%. Nonetheless, Pt/MWCNT-
PCA-5% shows an improvement in the durability by retaining approx. 78%. A good Pt dispersion 
was obtained for Pt/F-CNT and Pt/MWCNT-PCA-5%, hence it is hard to conclude that the average 
interparticle distance[49] played a crucial role in the overall degradation. Pt/MWCNT-PCA-1% 
showed similar degradation behaviour with Pt/F-CNT in spite of the poor Pt dispersion as 
evidenced by Figure 4.10 A. These findings suggest that there might be another cause for the 
electrochemical stability improvement, such as the interaction between MWCNT-PCA and Pt. 
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The CV of Pt/MWCNT-PCA-1% and Pt/MWCNT-PCA-5% after AST II with the associated post-
mortem TEM are presented in Figure 4.12 A-D. As discussed in Section 3.2.3 it is very hard to 
distinguish between the Pt degradation and support corrosion. However, the increase in the 
hydroquinone-quinone (HQ-Q) couple between 0.5 and 0.7 VRHE is a first indication of carbon 
corrosion[62,81]. This is observed only for Pt/MWCNT-PCA-1% in Figure 4.12 A as a small 
increase in the HQ-Q couple. A change of approx. 31 mV is observed for Pt/MWCNT-PCA-1% on 
the cathodic sweep around 0.75 VRHE. This difference has been attributed to the reduction of Pt 
oxide at larger particles[34]. In similar conditions, Pt/MWCNT-PCA-5% shows a change of only 14 
mV, which might indicate that Pt/MWCNT-PCA-5% is more stable. Pt growth is found to be the 
main degradation route as indicated by the green arrows in the post-mortem TEM analysis (Figure 
4.12 B and D). In addition, Pt coalescence (red arrows) seems to be present only for Pt/MWCNT-
PCA-1%. Pt/MWCNT-PCA-5% retains 78% of the initial ESA at the end-of-test (EOT) in contrast 
to the 55% obtained for Pt/MWCNT-PCA-1%. In similar conditions, the acid functionalized Pt/F-
CNT retains approx. the same ESA as Pt/MWCNT-PCA-1%. The addition of more PCA stabilizes 
the Pt on the support by preventing migration on the support. Post-mortem particle histogram 
(Figure 4.12 F) shows clearly that for Pt/MWCNT-PCA-5% a larger fraction of particles have less 
than 10 nm. Moreover, Pt/MWCNT-PCA-1% has 37% of the particles larger than 20 nm which is 
similar to the size of Pt black.  
AST II is designed as a degradation protocol with an emphasize on the Pt degradation which has 
been observed for all samples. The large potentials, above 1 VRHE, make AST III focused on the 
support degradation[32,87]. The difference between AST II and AST III can be observed by the 
CV’s recorded at EOT. For AST II, a large decrease in ESA and a small contribution in the HQ-Q 
region are observed while for AST III a large increase in the HQ-Q region is observed with an 
almost perfect overlay in the HUPD region. Figure 4.13 A shows the appearance of a wide HQ-Q 
couple and a large increase in the double layer charge (DLC). Similar to Figure 4.12 A, a 23 mV 
potential difference is observed in the cathodic sweep around 0.75 VRHE. These are clear indications 
of a combined Pt-support degradation. Surprisingly, the CV of Pt/MWCNT-PCA-5% at BOT and 
EOT (Figure 4.13 C) are very similar, only a small HQ-Q couple is appearing as indicated by the 
blue ellipses. Figure 4.14 E shows clearly that Pt/MWCNT-PCA-5% retains 85% of the initial ESA 
while Pt/MWCNT-PCA-1% and Pt/MWCNT-PCA-2% are retaining 74 and 73%, respectively.  
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 Figure 4. 12 CV’s for Pt/MWCNT-PCA-1% (A) and Pt/MWCNT-PCA-5% (C) treated with AST I at Beginning Of Testing 
(BOT, red lines) and at the End Of Testing (EOT, black lines) with the associated post mortem TEM: Pt/MWCNT-PCA-
1% (B) and Pt/MWCNT-PCA-5% (D). The red dotted lines represent the potential at maximum cathodic current 
between 0.6 – 0.8 VRHE at BOT and black dotted lines at EOT. The green arrows in B and D are indicating Pt growth, 
while the red arrows are indicating Pt coalescence of multiple Pt nanoparticles. The initial Pt electrode loading was 
kept for all experiments at 20 μgPt cm
-2. All the experiments took place in an Ar saturated 0.1 M HClO4 electrolyte 
between 0.05 and 1.3 VRHE at a 0.2 V s
-1 sweep rate. The relative ESA is plotted against the cycle number in (E). The 
particle histogram for Pt/MWCNT-PCA-1% (black bar) and Pt/MWCNT-PCA-5% (red bar) are presented in (F) – approx. 
250 particles from several TEM images have been counted in order to obtain the histogram. Reprinted from [91] with 
permission from Elsevier.  
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 Figure 4. 13 CV’s for Pt/MWCNT-PCA-1% (A) and Pt/MWCNT-PCA-5% (C) treated with AST II at BOT (black lines) and 
EOT (red lines) with the associated post mortem TEM: Pt/MWCNT-PCA-1% (C) and Pt/MWCNT-PCA-5% (D). In the 
CV’s, the red dotted lines represent the potential at maximum cathodic current between 0.6 – 0.8 VRHE at BOT and 
black dotted lines at EOT; the blue dotted ellipses are showing the appearance of HQ-Q redox couple. In Figure B and 
D, the blue arrows indicate coalescence of Pt nanoparticles, the orange arrows are indicating possible Pt nanoparticles 
which have transformed into rectangles, while the red arrows and red ellipses are indicating different steps of 
MWCNT structural change and corrosion. The initial Pt electrode loading was kept for all experiments at 20 μgPt cm
-2. 
All the experiments took place in an Ar saturated 0.1 M HClO4 electrolyte. The relative ESA is plotted against the cycle 
number in (E). The particle histogram for Pt/MWCNT-PCA-1% (black bar) and Pt/MWCNT-PCA-5% (red bar) are 
presented in (F) – approx. 250 particles from several TEM images have been counted in order to obtain the histogram. 
Reprinted from [91] with permission from Elsevier.  
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When looking at the post-mortem TEM image (Figure 4.13 B and D) three degradation 
phenomenon are observed: Pt coalescence (blue arrows), appearance of Pt rectangles (orange 
arrows) and MWCNT transformation (red arrows and ellipses). Leaving aside the Pt coalescence, 
the appearance of the two anomalous structures are highly surprising considering the potential 
region (1-1.5 VRHE). Similar Pt rectangle particles have been observed by Xie et al. on the anode 
side after 1000h of constant-current degradation[134]. Therefore, it is probable for the Pt rectangles 
to be formed during ESA measurement (every 2500 cycles) due to the presence of adsorbed 
hydrogen. Figure 4.13 F shows that a large proportion of Pt particles have a diameter larger than 10 
nm for Pt/MWCNT-PCA-1% which corresponds to the size of Pt rectangles. With respect to 
Pt/MWCNT-PCA-5%, Pt particles preserve their initial size (approx. 3nm) while 10 nm particles 
are not observed. It is worth noting here that the particle size distribution is obtained from multiple 
locations in order to maximize the population. 
The most surprising finding is the morphological transformation of MWCNTs. However, due to the 
fact that PCA is not completely removed from the material, PCA itself might form these new 
spherical structures. In order to remove the PCA from graphite like structures in acidic environment 
a potential of -800 mV is needed[135]. Moreover, PCA was exposed to the same degradation 
treatment and it was showed that the charge associated with the peak centred at 0.67 VRHE is 
maintained before and after the degradation test[91]. This indicates that PCA is stable within this 
potential region and it cannot be the cause for the appearance of these novel structures. The 
MWCNTs used in this study are not defect-free structure as it was shown in Section 4.1.1 and in 
other published work[102,129]. The red ellipse in Figure 4.14 B and D is showing the initial stage 
of the transformation of MWCNTs to carbon spheres. It seems that the corrosion starts from the tip 
where there is a large density of defects. For active carbons, defects are formed above 1 VRHE and 
corroded at potentials lower than 0.7 VRHE[64] which is in line with the observed novel carbon 
structures for MWCNTs at potentials above 1 VRHE. The novel structures are seen for all the 
samples independent of the PCA concentration. It is a common practice for the MWCNTs to 
undergo an acid treatment, however this should be carefully reconsidered in the current context. 
Moreover, it is expected that the degradation is accelerated with the increase in temperature, 
therefore the use of these materials for high temperature-fuel cells should be avoided. 
Recently, it was shown that the delocalized π electrons in the π- π network of the MWCNT’s can 
interact with the Pt d orbitals[127]. One main question arises here: why aren’t Pt/CNT and Pt/F-
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CNT, presented in Section 4.1, as stable as Pt/MWCNT-PCA-5% from the electrochemical stability 
point of view? It should be taken in consideration that the support for Pt/F-CNT is acid 
functionalized which destroys the sp2 hybridization, therefore reducing the concentration of 
delocalized π electrons. Nonetheless the support for Pt/CNT is pristine, but is less stable than Pt/F-
CNT. It was shown previously that oxygen functionalities can act as adsorption sites for metallic 
Pt[130,131], thus the increase of oxygen functional groups are responsible for the improved 
dispersion, but are they accountable for the improved stability? The oxygen functional groups 
introduced are created from the physisorbed PCA, which carries one carboxylic group (-COOH) per 
one pyrene (4 fused benzene rings, C16H10). The pyrene is a molecule composed of carbon bonds at 
1200, hence graphitized sp2 carbon structure and a source of delocalized π electrons. 
 
Figure 4. 14 Pt 4f XP spectrum of Pt/MWCNT-PCA-1% (black square and line), Pt/MWCNT-PCA-2% (red circle and line) 
and Pt/MWCNT-PCA-5% (blue triangle and line) 
The Pt 4f XPS studies[91] showed that increasing PCA increases the relative surface concentration 
of Pt in oxidation state II and IV which might be caused by the surface coverage of Pt with PCA. 
However, this PCA coverage cannot be observed in the TEM images and it is not supported by the 
increasing electrochemical activity with the PCA increase. Figure 4.14 shows the Pt 4f XPS of 
Pt/MWCNT-PCA-1%, Pt/MWCNT-PCA-2% and Pt/MWCNT-PCA-5%. A decrease in the binding 
energy of Pt 4f7/2 has been observed, from 71.5 eV for Pt/MWCNT-PCA-1% to 71.2 eV for 
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Pt/MWCNT-PCA-5%. Slight differences in the Pt 4f7/2 binding energies have been observed for Pt 
clusters with 1 to 6 atoms[132], this is highly unlikely in the current case due to the similar particle 
size. It has been shown that positive binding energy shifts may appear between bulk Pt and 
polymers arising from the charge transfer between the Pt and the side chain[133]. Nonetheless, the 
negative shift in the binding energy indicates that the charge transfer is towards the Pt and not from 
the Pt. This indicates that there is an interaction between Pt and MWCNT-PCA.  
4.3 Conclusions 
Carbon nanostructures were among the first materials to be tested. Several studies available in the 
literature are dealing with the use of several nanocarbons as electrocatalyst support. It was not still 
completely clear which type of carbons should be preferred for PEMFC electrocatalyst support. 
A top-down approach was used in this chapter in order to have a correlation between the carbon 
structure, electrochemical activity and stability. Namely, two very different carbon supports 
(graphitized nanofibers and multi-walled carbon nanotubes) were acid functionalized resulting in 
four materials. These were platinized and tested electrochemically. Multi-walled carbon nanotubes 
proved to be a more stable support, in spite of the superior activity exhibited by the graphitized 
nanofibers. It is believed that the acid functionalization can damage the carbon nanotube surface 
leading to an accelerated degradation. 
A different approach was undertaken for the functionalization and platinization of multi-walled 
carbon nanotubes. That is, harvesting the free π-electrons in the nanotube structure by adsorbing 
carboxylic functionalized pyrene. In this way, the pyrene attaches to the nanowall, therefore 
functionalizing the nanotube. This method resulted in activity increase by a factor of two and a 
notable stability enhancement. It is worth mentioning that during the electrochemical stability 
studies an interesting phenomenon was documented: partial nanotube corrosion which leads to the 
transformation of nanotubes to amorphous carbon particles. 
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5. Alternative Nanostructures as 
Electrocatalyst Support 
The most used electrocatalyst support is active carbon[136], in spite of its thermodynamic limitation 
within fuel cell operating conditions[22]. Several fundamental studies have concluded that the 
corrosion of active carbon is a primary degradation mechanism[29,32,62–64,66,81,90,137,138] 
which can be circumvented only by the replacement with another type of material. Nonetheless, the 
attention was directed to alternative carbon nanostructures which possess a larger degree of 
graphitic carbon[102,108,120,121,124,139–144], assumed to have an increased stability. It should 
be considered that the presence of graphitic carbon as the major component comes at the cost of a 
catalyst, usually transition metal based salts which are facilitating the growth of sp2 carbon[145–
147]. Recently it was proven that even graphitic materials undergo severe corrosion during 
simulated PEMFC conditions[90,91], therefore there is a need for an alternative class of materials 
that can replace active carbon.  
Some constraints should be imposed in the quest for new materials for PEMFC electrocatalyst 
support. First, the materials should be more durable than the active carbons; secondl, they should be 
good electronic conductors; third, they should possess a large enough surface area in order to house 
the desired amounts of Pt nanoparticles. The stability concerns excludes most of the early transition 
metal oxides, only Ti, Nb, Mo, Hf, Ta and W oxides remaining as possible candidates[148]. In 
addition, SnO2 remains a promising candidate and further studies are still undergoing[149–151]. 
Some recent work promoted the use of NbO2 as a catalyst support for PEMFC cathodes[152,153]. 
Tungsten carbide has been proposed as a promising candidate due to its Pt isoelectronic structure. 
However, it was recently showed that it is not stable in acidic environment at high potentials[99], 
therefore unsuitable for the cathode side in a PEMFC. A similar trend is expected for Mo2C[154]. In 
HClO4, TiC forms a thin passivating oxide layer, making it inappropriate for use on the PEMFC 
cathode[155]. Out of the Group 4-6 carbides, only vanadium[156], zirconium[157] and niobium 
carbide[89] remain as possible candidates. 
Due to the fact that only Nb is found as a promising carbide and oxide, it has been chosen for 
further investigations and the results are presented as a subsection of this chapter. In addition, the 
possibility of using SiC as a cathode electrocatalyst support is investigated. This is a continuation of 
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the work performed in close collaboration with Dr. Rajnish Dhiman, who is the first person 
proposing this material as an electrocatalyst support[158]. This chapter is a continuation of the 
previous published work[83,89] which will not be presented in detail throughout this chapter. 
5.1 SiC as PEMFC electrocatalyst support 
One of the prerequisite for an electrocatalyst support is chemical inertness during PEMFC operating 
conditions. SiC is known to be a durable material and it is used in several harsh environments[93]. 
Moreover, several SiC nanostructures have been synthesized in our group which facilitated the 
testing of this material as a possible cathode electrocatalyst support[93–95,159]. This subchapter 
comes as an extension to the published work[83], where the synthesis and an extended 
physicochemical characterization is presented in detail. The present subchapter deals with the 
physical deposition of Pt nanoparticles on SiC and electrochemical stability studies. 
5.1.1 SiC platinization 
Two platinization strategies have been pursued. The synthesis is identical for both routes, however 
the difference was in the addition sequence of SiC. In the first one, the SiC was added after the Pt 
nanoparticles were formed therefore allowing for the Pt nanoparticles to be physically deposited on 
the SiC. This method was used previously for all the carbon materials and resulted in a very narrow 
Pt particle size distribution. In the second one, SiC was added along with the Pt salt in the reaction 
vessel and the Pt nanoparticles were nucleating directly on the support. The main drawback with 
this route is a wide Pt particle distribution.  
Three different types of SiC were investigated as possible electrocatalyst supports. SiC-SPR, SiC-
SMS and SiC-NS (the reader is directed to Section 3.3.2 for the acronym meaning) have been 
platinized and electrochemically tested. The MA obtained is 0.14, 0.12 and 0.18 A mgPt-1 for 
Pt/SiC-SPR, Pt/SiC-SMS and Pt/SiC-NS, respectively[83]. Taking into account the experimental 
error, it can be concluded that Pt/SiC-SPR and Pt/SiC-SMS have a similar MA which is smaller 
than Pt/SiC-NS. However, preliminary stability studies (Figure 5.1) have showed that Pt/SiC-NS is 
the most unstable system while only Pt/SiC-SMS has a superior stability than BASF. Pt/SiC-SPR is 
behaving similar to BASF, therefore for extended durability studies only Pt/SiC-SPR and Pt/SiC-
SMS were chosen, in spite of the superior MA exhibited by Pt/SiC-NS.  
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 Figure 5. 1 Stability investigations of Pt/SiC-SPR (black squares), Pt/SiC-SMS (red circles) and Pt/SiC-NS (blue triangles) 
and BASF (magenta inverted triangles). Protocol: 2500 cycles, 0.2 V s-1, 0.05-1.3 VRHE.  
Physical deposition of Pt nanoparticles was first tried out on SiC-SPR (silicon carbide obtained by 
solid phase reaction). Figure 5.2 shows the TEM images of physically deposited Pt nanoparticles on 
SiC. Surprisingly, Pt nanoparticles (red arrows in Figure 5.2) are grouping in small islands of 10-
100 particles (yellow rectangles in Figure 5.2) leading to an uneven coverage of SiC (green arrows 
in Figure 5.2). A similar effect was seen for Pt/MWCNT-PCA-0% in Figure 4.9. Several Pt islands 
are observed in Figure 5.2 A, in contrast to Figure 4.9 where larger Pt islands are identified. 
However, this phenomenon was not observed in the case of active carbons. It is believed that 
oxygen functional groups are serving as adsorption sites[130]. In the absence of such sites, Pt 
nanoparticles tend to agglomerate preferring Pt neighbours rather than SiC. Moreover, Pt/SiC-SPR 
does not show any Pt features in electrochemistry suggesting that the electrons are transferred 
through Pt (percolation) and not through the support. It is interesting to observe that despite the 
difference in support (compared to active carbon) the Pt particle size is maintained around 3nm 
(Figure 5.2 B), even though Pt tends to self-organize on the support. 
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 Figure 5. 2 TEM images of physically deposited Pt nanoparticles on SiC-SPR. Yellow rectangles are showing Pt 
nanoparticles grouped in islands; red arrows are indicating Pt nanoparticles; green arrows are indicating SiC. 
 
 
Figure 5. 3 TEM images of physically deposited Pt nanoparticles on SiC-SMS. Yellow rectangles are showing 
agglomeration of Pt nanoparticles; red arrows are indicating individual Pt nanoparticles; green arrows are indicating 
SiC. 
Unexpectedly, the Pt nanoparticles tend to organize in a different manner in the case of Pt/SiC-
SMS. Figure 5.3 A shows that there are regions where Pt seems to form almost a film on top of the 
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SiC-SMS (marked by yellow rectangles) leaving some regions “Pt-free” as indicated by the green 
arrows. The red arrows in Figure 5.3 B are indicating individual Pt nanoparticles which seem to be 
dispersed on the surface of SiC-SMS, in contrast with the independent Pt islands formed in the case 
of Pt/SiC-SPR (Figure 5.2). It is desired for the Pt nanoparticles to be independent on the support as 
it looks like for Pt/SiC-SMS rather than forming individual islands as for Pt/SiC-SPR. This is 
reflected by the electrochemistry where Pt/SiC-SMS behaved as Pt black in contrast to Pt/SiC-SPR 
where no Pt features could be detected. Nonetheless, developing a material behaving similar to Pt 
black does not seem the most self-evident solution.  
A similar experiment has been performed for a commercial carbon black in order to remove any 
suspicions regarding the possibility of physically depositing Pt nanoparticles. The particle size for 
the Pt/C-chem (Figure 5.4 A-B) is similar to the Pt/C-phys (Figure 5.4 C-D), in spite of several Pt 
agglomeration regions (red rectangles in Figure 5.4 A-B). Leaving this aside, the two samples are 
very similar which confirms the fact that the synthesis route is suitable for active carbon. However, 
high surface area carbons have a large number of oxygen functionalities which serve as adsorption 
sites[130]. It should be noted that the Pt sits on the surface of the carbon support in the case of Pt/C-
phys, while for Pt/C-chem it can also be found in the pores making it unavailable for the 
electrochemical reactions. Nonetheless, it is still not completely clear why the physical deposition 
route works for active carbons but it does not for SiC, even if the absence of oxygen functional 
groups for the SiC indicates that this might be the reason. The lack of further experimental evidence 
which might suggest a reason for this anomalous Pt behaviour called for a rapid shut-down of this 
approach for SiC. Platinization of SiC was performed using the chemical deposition route in which 
the Pt salt is impregnated in the SiC structure and further on reduced. This route resulted in a good 
Pt dispersion at the cost of increased particle size. 
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Figure 5. 4 TEM images of Pt/C-chem (A-B) and Pt/C-phys (C-D). Red rectangles are indicating Pt agglomerations 
Taking into consideration the discussion aforementioned, platinization of SiC was performed using 
the chemical deposition route (herein after denoted as Pt/SiC-SMS) in which the Pt salt is 
impregnated in the SiC structure and further on reduced. This route resulted in a good Pt dispersion 
at the cost of increased particle size. Pt particles appear to agglomerate on the support during the 
chemical deposition route for Pt/SiC-SMS as it can be seen from Figure 5.5 A. Individual Pt 
particles are not observable while some locations on the SiC-SMS are not covered at all as it is 
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indicated by the green arrows in Figure 5.5 B. However, a better Pt dispersion is achieved via this 
route than the physical route used in Figure 5.2 and 5.3. Pt/SiC-SMS presented in Figure 5.5 is 
desired as an electrocatalyst, in spite of the larger Pt particle size. The Pt particles deposited 
physically on the SiC (Figure 5.3 B) are independent and it does not look like they are in contact. In 
the present case, Pt/SiC-SMS (Figure 5.4 A) are interconnected forming a netlike assembly. The 
measured electrochemical activity is similar to the previously reported one[83]. Stability 
investigations have been performed in order to successfully complete the study concerning the use 
of SiC as a possible electrocatalyst support. 
 
Figure 5. 5 TEM images of Pt/SiC-SMS at BOT. Green arrows are indicating SiC-SMS and red arrows Pt. 
5.1.2 Electrochemical stability 
Figure 5.6 shows the degradation behaviour of Pt/SiC-SMS during AST II (square wave potential, 
0.6-1 VRHE, 3s/step, 6s/cycle) and AST III (triangle wave potential, 1-1.5 VRHE, 0.5 V s-1). Pt/SiC-
SMS retains approx. 80% of the initial ESA after 9,000 cycles of AST II (Figure 5.6 A) which 
shows that it behaves better than the regular Pt/C (approx. 70% ESA retention in similar 
conditions)[32]. Even though Pt/SiC-SMS might look like a more stable electrocatalyst during this 
degradation protocol, it should be taken in consideration that the Pt particle size for Pt/C is 2-3 
nm[32] while for Pt/SiC-SMS is approx. 5 nm. It is well-known that smaller Pt nanoparticles are 
more prone to degradation than larger Pt nanoparticles[47] which might account for the improved 
stability of Pt/SiC-SMS. During AST II Pt degradation is the imposing phenomenon, while during 
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AST III carbon is more prone to corrosion[24,32,87]. Taking into consideration that Pt/SiC-SMS 
was designed as a more stable catalyst, the results concerning AST III are of more interest in this 
respect. 
After 30,000 cycles of AST III (Figure 5.6 B), Pt/SiC-SMS retains 91.5% of the initial ESA. During 
this degradation protocol, the excursion potentials of up to 1.5 VRHE makes the carbon to corrode. In 
a similar experiment, Pt/C and Pt/MWCNT retains less than 80% of the initial ESA[32,91], making 
Pt/SiC-SMS a more stable materials from the support point of view. Moreover, the commercial 
reference for this thesis, BASF (20 wt.% Pt/C, 2.5 nm Pt), retains only 66% of the initial ESA after 
10,000 cycles of AST III. SiC is known to be a very durable material making it a possible 
electrocatalyst support. It appears that the corrosion of the support is very much restrained for 
Pt/SiC-SMS when compare to BASF. Therefore, it can be concluded that SiC-SMS is a more stable 
electrocatalyst support than the commercially available active carbons.  
 
Figure 5. 6 Relative ESA as function of cycle number for Pt/SiC-SMS during AST II (A) and AST III (B). 
Identical location-TEM was, initially, pursued in order to understand the degradation mechanism of 
SiC-SMS and to observe the interaction between Pt and the support, if any. However, SiC-SMS has 
a very low surface area (approx. 20 m2 g-1) and a larger density than carbon which comes at the 
price of increased electrode loadings. The Pt electrode loading used in this study was usually below 
20 µgPt cm-2, while for Pt/SiC-SMS 125 µgPt cm-2 was needed for a complete coverage of the 
electrode. Identical location-TEM is a technique in which the material is suspended on a TEM grid. 
Pictures are taken at BOT and the x-y coordinates are saved, at EOT pictures are taken from the 
identical initial location[29,31,50,61]. Loadings below 2 µgPt cm-2 are used in order to avoid 
agglomeration on the grid which could not be achieved for Pt/SiC-SMS. Moreover, Pt is completely 
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covering the surface of SiC-SMS which makes the use of the identical location-TEM not the most 
self-evident solution. Thus, post mortem-TEM was chosen instead of identical location-TEM. 
On active carbons, the Pt nanoparticles are agglomerating on the support and corroborated with an 
increase particle size translates into a decreased activity, especially during AST II[32]. However, 
this is not the case for Pt/SiC-SMS (Figure 5.7 A-B) due to the initial agglomeration and formation 
of the netlike assembly (Figure 5.5). Even though it is clear that 20% of the initial ESA is lost 
during 9,000 cycles of AST II (Figure 5.6 A), no striking difference can be observed between the 
initial TEM images (Figure 5.5) and post-mortem TEM (Figure 5.7 A-B). In order to build particle 
histograms the Pt nanoparticles should be visualized independently. Due to the Pt netlike assembly, 
the approximation of particles to a circle is highly unreliable. Moreover, the full coverage of SiC-
SMS with Pt particles makes it difficult to discern individual Pt particles. These two reasons do not 
leave the possibility for creating particle histograms similar to the ones in Figure 4.12 F and Figure 
4.13 F. Therefore, the post-mortem TEM images (Figure 5.7) can be analysed only qualitatively. 
The netlike assembly is preserved and the SiC-SMS is still fully covered by Pt nanoparticles. Some 
Pt nanoparticles appear to increase to 7-10 nm (Figure 5.7 B) which could not be found in the initial 
TEM (Figure 5.5) where the Pt nanoparticles have diameters between 5-6 nm. SiC-SMS does not 
seem to undergo severe morphological changes preserving the supporting structure for Pt 
nanoparticles. Taking into consideration that after 9,000 cycles of AST II only 20% of the initial 
ESA is lost and that no major morphological changes could be observed between the initial TEM 
images (Figure 5.5) and the post-mortem TEM (Figure 5.7 A-B), it can be concluded that the major 
degradation phenomenon is the increase in Pt particle size. This is in line with previous studies for 
Pt supported on active carbon degraded under similar conditions[32,62]. As proposed initially, AST 
II promotes Pt degradation through Pt agglomeration, coalescence and dissolution[87]. Due to the 
fact that Pt dissolution cannot be assessed from a TEM image, only Pt agglomeration and 
coalescence could explain the small ESA decrease. 
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 Figure 5. 7 Post-mortem TEM images of Pt/SiC-SMS after 9,000 cycles of AST II (A-B) and 30,000 cycles of AST III (C-D). 
Green arrows are indicating SiC while red arrows are indicating Pt nanoparticles. AST II: square wave potential with 
3s/step (6 s/cycle) at 0.6 and 1 VRHE in Ar saturated 0.1 M HClO4; AST III: triangular wave potential between 1-1.5 VRHE 
at 0.5 V s-1 in Ar saturated 0.1 M HClO4. 
In contrast to AST II, AST III has been widely used as a degradation protocol for simulating the 
start-up/shut-down regime[32,51,87,160]. Above 1.15 VRHE a passivating Pt oxide layer is 
formed[24] which makes the Pt nanoparticles rather stable, thus enhancing the support degradation. 
According to the Pourbaix diagram, carbon might undergo oxidation at potentials above 0.207 
VRHE[22] which is accelerated by the presence of Pt at higher potentials (above 1 VRHE). Pt/SiC-
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SMS retains approx. 95% of the initial ESA after 10,000 cycles of AST III whereas BASF retains 
approx. 66%. Post-mortem TEM has been used for Pt/SiC-SMS in order to observe the structural 
and morphological difference that might occur after the degradation test (Figure 5.7 C-D). Once 
again, the full coverage of SiC-SMS with Pt does not allow for a proper TEM analysis. However, 
no major morphological changes could be observed for the SiC-SMS. The small loss in the ESA 
(i.e. 8.5%) after 30,000 cycles suggests that there might be no changes detected. The Pt particles 
maintain their average 5-6 nm (Figure 5.7 C-D) in contrast to the larger particle size 7-10 nm after 
AST II (Figure 5.7 A-B). Due to the small ESA loss and the Pt coverage of SiC-SMS it is hard to 
reach a conclusion that might explain the degradation. A well-known problem with carbides for 
PEMFC purposes is the formation of a passivating oxide layer[154,161–164] which hinders the 
electronic conductivity, making Pt unavailable for the ORR, thus reducing the activity. In this 
respect, post-mortem XPS studies have been performed. 
The RDE could not be used for the post-mortem XPS due to its large dimensions and possible 
contamination of the XPS chamber. Instead, a gold foil (approx. 0.12 cm-2) has been used as a 
support on which a total of 20 µl of Pt/SiC-SMS containing ink has been placed (corresponding to 
120 µgPt cm-2). The XPS survey (Figure 5.8 A) of Pt/SiC-SMS shows the presence of C (from SiC 
and probably organic impurities), O (from functional groups and oxides), Si (from SiC) and Pt 
(from Pt nanoparticles). No other peaks are present which confirms that there are no other 
contaminants resulted from the Pt/SiC-SMS synthesis. Table 5.1 indicates that Pt/SiC-SMS has a Pt 
content of only 9.84% which is significantly smaller than the synthesized 20%. However, it should 
be taken in consideration that XPS is a local surface technique and only the first few top nm are 
sampled. Some of the Pt might sit in the pores of the SiC-SMS which cannot be accounted for. In 
the elemental composition Au appears with its two specific peaks (BE = 74 eV for Au4f and BE = 
334 eV for Au4d) for Pt/SiC-SMS treated with 9,000 cycles of AST II and 30,000 cycles of AST III 
(Figure 5.8 B). The presence of Au in the XPS survey comes from the degradation of the Au 
supporting electrode. Surprisingly, not even Au is stable during this harsh oxidation treatment. This 
has been shown recently[25]. 
The elemental composition presented in Table 5.1 shows a large increase of carbon from 22.58% 
for Pt/SiC-SMS to 32.31% and 31.12% for AST II- Pt/SiC-SMS and AST III- Pt/SiC-SMS, 
respectively (Table 5.1). In contrast to carbon, the surface composition of silicon exhibits a 
surprising decrease from 33.59% for Pt/SiC-SMS to 15.39% and 17.95% for AST II- Pt/SiC-SMS 
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and AST III- Pt/SiC-SMS, respectively. AST II-Pt/SiC-SMS has approx. 10.7% Pt which is a little 
bit larger than the 9.8% measured for the pristine sample. During AST II a Pt oxide layer is formed 
and reduced which promotes dissolution[87]. This facilitates Ostwald ripening which might reduce 
the Pt ions on solid Pt nanoparticles, therefore increasing the Pt particle size as observed by the 
post-mortem TEM (Figure 5.7 A-B). In the case of AST III-Pt/SiC-SMS there is less Pt and Au if 
compared to AST II-Pt/SiC-SMS. Above 1.15 VRHE Pt is passivated [24] and a similar phenomenon 
is expected for Au as well[25]. This is in line with the higher surface concentration of oxygen. The 
surface composition as obtained from the XPS survey raises some questions with regards to the 
increase of carbon and decrease of oxygen during the degradation protocol.  
Figure 5. 8 XPS survey of Pt/SiC-SMS (A) and Pt/SiC-SMS treated with 9,000 cycles AST II (red line, B) and Pt/SiC-SMS 
treated with 30,000 cycles AST III (blue line, B). 
 
Table 5.1 Surface elemental composition obtained from the XPS survey 
Sample C / % O / % Si / % Pt / % Au / % 
Pt/SiC-SMS 22.58 33.99 33.59 9.84 - 
AST II-Pt/SiC-SMS 32.31 31.86 15.39 10.68 9.76 
AST III-Pt/SiC-SMS 31.12 35.91 17.95 7.85 7.17 
High resolution XPS was performed on the samples for the C 1s, O 1s, Si 2p and Pt 4f peaks (Table 
5.2, plots are presented in Appendix A) in order to shed some light on these findings. According to 
the C 1s high resolution XPS the concentration of SiC is decreasing from 61.5% for Pt/SiC-SMS to 
about 40% for AST II-Pt/SiC-SMS and 34.7% for AST III-Pt/SiC-SMS. In the same time the 
oxygen containing groups are increasing along with the C-C concentration. This means that part of 
the carbon bonded to silicon is undergoing oxidation. The O 1s shows a clear increase in the 
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concentration of PtO2 which suggests that Pt is oxidizing during the stress test. However, the Pt 4f 
shows that Pt is oxidizing to a larger extent for Pt/SiC-SMS treated with AST III rather than AST II. 
This is in agreement with the assumption that during AST III a Pt passivating oxide is formed. The 
Si 2p shows clearly that the SiC undergoes mild oxidation. Surprisingly, this is not happening 
during AST III where a potential excursion of up to 1.5 VRHE is oxidizing even the Pt. 
Table 5.2 Surface composition determined from high resolution XPS 
 
Sample 
C 1s O 1s Si 2p Pt 4f 
SiC   
/ % 
C-C  
 / % 
OCG*   
/ %* 
PtO2  
/ % 
OCG*  
 / % 
SiC  
 / % 
SiO2  
/ % 
Pt0  
   / % 
Pt-O   
 / % 
Pt/SiC-SMS 61.5 16.1 22.4 9.7 90.3 68.8 31.2 80 19.6 
AST II-Pt/SiC-SMS 40 32.9 27.1 13.4 86.6 61 39 65.4 34.6 
AST III-Pt/SiC-SMS 34.7 36 39.3 13.3 86.7 63.9 36.1 63.6 36.4 
*oxygen containing groups 
5.1.3 Conclusions 
The optimization of SiC platinization and the electrochemical stability of Pt/SiC-SMS were 
discussed during this subchapter. TEM images showed that the deposition of Pt nanoparticles on the 
surface of SiC-SMS is not successful. Nonetheless, the reduction of the Pt salt in the presence of 
SiC has resulted in the formation of an interconnected Pt nanoparticle framework. The 
electrochemical stability of the as produced Pt/SiC-SMS was compared to commercially available 
Pt/C. Pt/SiC-SMS resulted to be a more stable electrocatalyst in the ASTs simulating load cycle and 
start-up/shut-down conditions. The XPS studies have showed that SiC-SMS is undergoing a mild 
oxidation; even so, the relative ESA loss is much smaller than for Pt/C. Further optimization of the 
SiC platinization in corroboration with developing a higher surface area SiC might lead to a new 
class of PEMFC electrocatalyst supports. 
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5.2 Nb based electrocatalyst supports 
Several carbides and oxides have been tried out as electrocatalyst supports for PEMFC application. 
Carbides have received increasing attention in the past decade mainly due to the WC isoelectronic 
structure with Pt[99,165]. This has led to the exploration of several other carbides[154–157]. 
However, it was showed that most of the early transition metal carbides are not stable under 
PEMFC operating conditions[154]. Nb based materials are the only materials which have not been 
extensively studied for electrocatalyst supports in PEMFCs. It does not seem that there are any clear 
criteria when it comes to choosing a new electrocatalyst support. This is probable due to the large 
amount of variables that need to be taken into account, such as the electrical conductivity, 
electrochemical stability, electronic structure, high surface area, etc. There are several papers, 
available in the literature, which are discussing the use of tungsten carbide and titanium dioxide, 
even though the former is not stable while the latter is not conductive enough. The main 
prerequisite for this study was: high corrosion resistance in PEMFC conditions. Most of the 
materials tested nowadays as a PEMFC electrocatalyst support were tested previously (approx. 40 
years ago) as an electrocatalyst[165] or as a fuel cell component. Another PEMFC research avenue 
is the development of low cost-high corrosion resistance bipolar plates which has a similar set of 
requirements as an electrocatalyst support. Therefore, choosing a previous material that was used 
for bipolar plates is a good starting point. Titanium and niobium were the first materials used by 
General Electric as bipolar plates[166,167]. Titania[168–170], titanium carbides[155,164,171] and 
nitrides[172] have been extensively studied, thus niobium composited have were for this study. 
The initial desire was to synthesize NbC and NbN. Later on, it was found out that Nb is highly 
nitrophilic[173] and a pure carbide phase could not be obtained. NbC-N has been synthesized by a 
modified urea-route[96,97]. A small modification has been used to obtain NbO2, this is explained in 
detail in Chapter 3. The materials were characterized by XRD and TEM. The electrochemical 
stability and activity studies were performed using an RDE in an all glass three electrode-two 
compartment electrochemical cell. The present subchapter is a continuation of the previous 
published work[89]. 
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5.2.1 Physicochemical characterization 
The XRD peaks of NbC-N are situated in between the NbC and NbN patterns. A pure carbide phase 
should have been obtained at high urea contents[96], however this did not happen due to the Nb 
nitrophilic character[173]. NbC-N has a specific area of approx. 60 m2 g-1 while a pure NbN 
obtained by the same method has a surface area of approx. 10 m2 g-1 which means that the 
morphologies of NbC and NbN are different. The crystallite size obtained is about 15 nm using the 
Scherrer formula for the peak at 2θ = 35o. According to the TEM images presented in Figure 5.10 
A-B no two distinct phases are observed throughout the whole TEM analysis. Platinization of NbN 
was abandoned due to the very low surface area. NbO2 structure was confirmed by XRD from 
which it is clear that it is not in a Nb2O5 structure and it does not contain unreacted Nb.  
 
Figure 5. 9 XRD of NbC-N (A) where the following ICDD patterns are plotted: 38-1364 NbC (red line); 12-0256 Nb(N,O) 
(green line) ;74-1218 NbN (blue line). XRD of NbO2 (B) where the following ICDD patterns are plotted: 73-1610 Nb12O29 
(red line); 19-0859 NbO2 (blue line); 34-0370 Nb (green line) 
NbC-N is composed of 30-100 nm spherical particles (Figure 5.10 A-B) which are interconnected 
forming long chains similar to active carbons. This is a little bit larger than the crystallite size 
obtained from the XRD analysis. The Pt particles are not agglomerated on the support, preserving 
the size of about 3 nm (via a physical deposition route). NbO2 is formed of unregular structures that 
range from 50 to 100 nm. Pt particle size is a little bit larger (approx. 4-5 nm) due to the fact that a 
chemical deposition route has been used. The physical deposition route resulted in a poor dispersion 
of Pt nanoparticles similar to the SiC samples presented in Figure 5.2. The Pt nanoparticles are well 
dispersed on the support even if they are a bit larger than in the case of Pt/NbC-N. 
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Figure 5. 10 TEM images of Pt/NbC-N (A-B) and Pt/NbO2 (C-D). The red arrows are indicating Pt nanoparticles and the 
green lines are indicating the support margins, NbC-N in (A-B) and NbO2 in (C-D). 
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5.2.2 Electrochemical activity and stability 
The CVs of Pt/NbC-N and Pt/NbO2 are presented in Figure 5.11 A-B. Pt/NbC-N CV has a Pt 
characteristic shape with the formation of a Pt oxide at potentials larger than 0.75 VRHE on the 
anodic scan. This is reduced on the cathodic sweep with a peak potential centred around 0.78 VRHE. 
Moving towards smaller potentials, hydrogen is adsorbed and desorbed on the forward scan. The 
obtained specific electrochemical surface area (ECSA) for Pt/NbC-N is approx. 50 m2 g-1. The 
ECSA was determined from the hydrogen desorption region. Taking into consideration that the Pt 
particle size is around 3-4 nm then the maximum theoretical ECSA for a spherical Pt nanoparticle is 
approx. 90 m2 g-1[91]. In this case the Pt utilization is 55% for Pt/NbC-N.  
Pt/NbO2 CV is presented in Figure 5.11 B which does not look similar to the Pt/NbC-N CV. Even 
though the hydrogen region is comparable, the Pt-oxide region looks significantly smaller in terms 
of current density. Most of transition metal oxides have a wide band gap, this is the case for NbO2 
as well which has a band gap of approx. 3 eV[174]. Moreover, Pt does not form a framework 
similar to the one for SiC. In this case, NbO2 might not have sufficient electronic conduction in 
order for the sluggish ORR to take place. A new ink was prepared in which multi-walled carbon 
nanotubes (MWCNTs) were mixed with Pt/NbO2 in a 1:1 mass ratio, thus the Pt loading on the 
electrode was halved. In this manner, MWCNTs provided the electrical path which resulted in a 
significant increase of the Pt-oxide region as indicated by the blue arrows in Figure 5.11 B. Taking 
into consideration that the MWCNTs did not participate in the platinization procedure it is highly 
unlikely for the MWCNTs to support the Pt nanoparticles, therefore the only role of MWCNTs is to 
provide the electrical path. The ECSA obtained for Pt/NbO2 was 19.2 m2 gPt-1 while for Pt/NbO2-
MWCNT the ECSA obtained was 39.3 m2 gPt-1. This is a significant increase even though both 
ECSAs are far from the values obtained for a commercial Pt/C (i.e. approx. 60 m2 gPt1). The particle 
size for Pt/NbO2 and Pt/NbO2-MWCNT is roughly 5 nm. Under the assumption that all the Pt 
particles are spherical and they do not possess any porosity, the theoretical ECSA for Pt particles 
with 5 nm diameters is approx. 55 m2 gPt-1. Then, the Pt utilization for Pt/NbO2 is 35% and for 
Pt/NbO2-MWCNT is 72%. The addition of MWCNTs resulted in a substantial increase in the Pt 
utilization which is larger than for Pt/NbC-N. 
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 Figure 5. 11 CVs of Pt/NbC-N (A), Pt/NbO2 (B, red line) and Pt/NbO2-MWCNT (B, black line) recorded in Ar saturated 
0.1 M HClO4 and no rotation at 0.05 V s
-1 from 0.05 to 1.3 VRHE.  
The ability of Pt/NbC-N, Pt/NbO2 and Pt/NbO2-MWCNT to electrochemical reduce oxygen was 
tested by means of a rotating disk electrode. The anodic ORR sweeps are presented in Figure 5.12. 
The onset potential is alike for all the samples with values close to 1 VRHE similar to the ones found 
in literature[39]. Pt/NbC-N (Figure 5. 12 A) and Pt/NbO2-MWCNT (Figure 5. 12 C)  are reaching 
the diffusion limiting current which is a geometrical current for samples ran in the same electrolyte, 
same speed and that involve the same number of electrons (i.e. 4 e-). For this particular case, the 
diffusion limiting current should be approx. -6 mA cm-2 at 1600 rpm and 0.4 VRHE. This value is 
obtained within a 10% deviation for Pt/NbC-N and Pt/NbO2-MWCNT. However, this is not the 
case for Pt/NbO2 (Figure 5. 12 B) which reaches -3.8 mA cm-2 at 1600 rpm and 0.4 VRHE. This 
accounts for approx. 40 % deviation from the theoretical value. Given that the Pt oxide region is 
very low even in Ar saturated 0.1 M HClO4, it was expected for the ORR sweeps to show an 
anomalous behaviour. The addition of MWCNTs seems to redress this performance by reaching a 
diffusion limiting current which has a 2 % deviation from the theoretical value. 
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 Figure 5. 12 Anodic ORR sweeps of Pt/NbC-N (A), Pt/NbO2 (B) and Pt/NbO2-MWCNT (C) obtained inO2 saturated 0.1 M 
HClO4 at 0.05 V s
-1. 
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Pt/NbC-N shows the best electrochemical performance with SA and MA similar to the ones 
obtained for commercial Pt/C (Table 5.3). This was expected considering that the TEM 
investigations (Figure 5.10 A-B) show a nice dispersion of 3-4 nm Pt nanoparticles. In spite of the 
low Pt utilization the SA and MA are the largest for this type of samples. Pt/NbO2 ORR 
performance is very low (Table 5.3), probably due to the poor electronic conduction of the NbO2. 
The SA and MA are almost one order of magnitude lower than Pt/NbC-N. Thus, it can be 
concluded that from an activity point of view Pt NbO2 is a very poor electrocatalyst. Nonetheless, 
the addition of MWCNTs to Pt/NbO2 results in a significant improvement in the ORR performance. 
The SA increases by 3 fold from 0.105 mA cmESA-2 to almost 0.335 mA cmESA-2 while only a two 
fold increase is observed for the ECSA. The MA increases from 0.02 A mgPt-1 to 0.13 A mgPt-1 
which is still lower than the MA of Pt/C (i.e. 0.2 A mgPt-1). 
 
Table 5.3 Summary of electrochemical activities obtained in O2 saturated 0.1 M HClO4 at 0.9 VRHE, 1600 rpm and 0.05 
V s-1. 
 ECSA / 
m2 g-1 
Pt utilization /  
% 
SA* / 
mA cmESA-2 
MA** / 
A mgPt-1 
Pt/NbC-N 50 55 0.34 0.17 
Pt/NbO2 19.2 35 0.105 0.02 
Pt/NbO2-MWCNT 39.3 72 0.335 0.13 
* specific activity 
** mass activity 
It is clear that NbO2 cannot work alone as an electrocatalyst support due to its poor electronic 
conductivity and the addition of an electronic conductor is needed. In this case, MWCNTs have 
been added. Even though NbO2 might be very stable under PEMFC simulated conditions, the 
second component (i.e. MWCNTs) might corrode to the same extent as it would have been without 
NbO2. On the other hand, NbC-N looks as a very promising candidate as electrocatalyst supports 
from the electrochemical activity point of view. An important aspect in the commercialization of 
PEMFCs is stability. In this respect, degradation studies were performed on Pt/NbC-N, Pt/NbO2 
and Pt/NbO2-MWCNT. 
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NbC-N and NbO2 were intended to be used as electrocatalyst support for PEMFC. This implies that 
these materials should be more stable than the commercially available active carbons. In order to do 
so, the carbon corrosion degradation protocol (i.e. AST III) was used as the starting point for the 
degradation studies. Pt/NbC-N, the electrocatalyst that showed the best electrochemical activity out 
of the three electrocatalyst discussed in this section, exhibits the worst electrochemical stability. 
After just 10,000 cycles, Pt/NbC-N retains only 57 % if the initial ESA (Table 5.4). Moreover, the 
Pt oxide region shrinks considerably (Figure 5. 13), similar to the Pt/NbO2 (Figure 5.11 B) The ratio 
between the Pt oxide reduction (centred at approx. 0.77 VRHE on the cathodic sweep) and the peak 
at approx. 0.1 VRHE in the hydrogen adsorption region is almost 0.9 at BOT. At EOT, this ratio is 
less than 0.4 which indicates that the Pt-oxide formation and reduction is hindered. The similarities 
between Pt/NbC-N CV at EOT and Pt/NbO2 CV in Figure 5.11 B suggest that NbC-N is undergoing 
some sort of an oxidation process. Pt/MWCNT-PCA-5% and Pt/SiC-SMS are losing approx. 10% 
of the initial ESA after 3 times more cycles, 30,000, of AST III. Taking this into account, extended 
electrochemical stability investigations was abandoned from this work. 
 
Figure 5. 13 CVs at BOT (black line) and EOT (red line) of Pt/NbC-N after 10,000 cycles of AST III. CVs recorded in Ar 
saturated 0.1 M HClO4 
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 Table 5.4 Summary of electrochemical stability studies 
 AST II 
SWP: 0.6-1VRHE; 3 s/step 
AST III 
TWP: 1-1.5 VRHE; 0.5 V s-1 
Pt/NbC-N  10,000 cycles 
57 %* 
Pt/NbO2 10,000 cycles 30,000 cycles 
90 %* 44 %* 
Pt/NbO2-MWCNT 10,000 cycles 30,000 cycles 
87 %* 66 %* 
* initial ESA divided to the final ESA 
  
 
Figure 5. 14 CVs at BOT (black line) and EOT (red line) of Pt/NbO2 after 10,000 cycles of AST II (A) and 30,000 cycles (B) 
and Pt/NbO2-MWCNT after 10,000 cycles of AST II (C) and 30,000 cycles (D). CV’s recorded in Ar saturated 0.1 M 
HClO4.  
 
63 
 
No major difference can be observed for Pt/NbO2 after AST II and AST III (Figure 5.14 A-B), 
except the ESA decrease. One might argue that for Pt/NbO2 (Figure 5.14 A) the ESA is actually 
increasing. However, at a detailed inspection of the CV it is clear that the anodic current at 0.4 VRHE 
is increasing. This results in a large decrease of the ESA due to the fact that this is the baseline for 
the integration of the area under the curve. Pt/NbO2-MWCNT (Figure 5. 14 C-D) shows an overall 
better stability than Pt/NbO2. The appearance of the hydroquinone-quinone peak between 0.5 and 
0.7 VRHE for Pt/NbO2-MWCNT after AST III (Figure 5.14 D) is an indication of carbon corrosion. 
This is in agreement with previous reports[32,62,63,91]. 
It was expected that Pt/NbO2 would be more stable than Pt/NbO2-MWCNT due to the presence of 
the carbon source which is known to undergo corrosion in this potential range (see chapter 4). 
Pt/NbO2-MWCNT retains 66 % of the initial ESA while Pt/NbO2 retains only 44% (Table 5.4). 
This is highly surprising. It is possible for NbO2 to further oxidize to Nb2O5. During this process Pt 
could be incorporated in the new oxide, therefore decreasing the electrochemical activity. Another 
possibility is the migration of Pt nanoparticles towards the MWCNT support, considering that Pt 
migration is a well-known effect during degradation studies[29,62,63]. Nonetheless, these are 
speculations due to the absence of further experimental proof such as post mortem XPS and TEM. 
Pt/NbO2 and Pt/NbO2-MWCNT are highly stable during AST II, which is a protocol with 
emphasize on the Pt degradation. Both materials retain approx. 90 % of the initial ESA which is an 
outstanding performance. This is somewhat unexpected. Most of the supports tested in a similar 
manner do not show any improvement compared to the commercial Pt/C. As aforementioned, AST 
II promotes Pt degradation, therefore why should NbO2 have any effect during this stability 
protocol? 
NbO2 has a [Kr] 4d1 electronic configuration which means that there are some free electrons which 
can be shared with Pt. Sharing an electron cloud translates into a bound. Therefore it is possible for 
NbO2 to have a stabilizing effect for Pt. This was previously speculated[152]. However, sharing 
electron clouds comes at the cost of modifying Pt electronic structure[41] which might lead to a 
decreased ORR activity. Previous studies concerned with the use of NbO2 as an electrocatalyst 
support reported activities three times larger than for Pt/C[153], even though the ORR activities for 
Pt/C are one order of magnitude lower (from 25 A gPt-1 to 200-300 A gPt-1) than the well-established 
values available in literature[35,39,40,131]. It was suggested that OHads species are adsorbed on the 
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surface of NbO2 leading to an enhanced methanol[175] and formic acid[176] electrooxidation. If 
this is the case, then a decreased ORR activity should be expected for Pt/NbO2.  
5.2.3 Conclusions 
The synthesis and platinization of NbC-N and NbO2 were performed successfully. Electrochemical 
activity studies showed that Pt/NbC-N has an activity comparable to commercial Pt/C, while 
Pt/NbO2 behaves poorly. The addition of MWCNTs to Pt/NbO2 resulted in a significant increase in 
the ORR activities, suggesting that the main drawback of NbO2 is the reduced electrical 
conductivity. Stability studies indicated that Pt/NbC-N is a highly unstable material which might 
undergo oxidation. Further post mortem experiments are needed in order to establish the nature of 
this degradation. Even though Pt/NbO2 and Pt/NbO2-MWCNT showed a better stability than 
Pt/NbC-N, it was concluded that Pt/NbO2 oxidizes as well. Surprisingly, Pt/NbO2 and Pt/NbO2-
MWCNT are more stable under load-cycle simulated conditions, where Pt degradation is enhanced. 
The electronic configuration of NbO2 corroborated with previous studies[152] indicated that there 
might be an interaction between NbO2 and Pt resulting in an increased stability. The mixed system 
NbO2-MWCNTs resulted in a very stable material in the Pt degradation regime. This strategy can 
open a new research avenue: carbon-metal oxide hybrid electrocatalyst supports. This class of 
materials are explored in the next chapter. 
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6. Hybrid nanomaterials 
Carbon nanostructures were tested in Chapter 4 and alternative nano metal oxides were tested in 
Chapter 5. Multi walled carbon nanotubes (MWCNTs) proved to be a rather stable electrocatalyst 
support, in spite of the morphological changes that occur during simulated start-up/shutdown 
conditions (Figure 4.13 B and D). In a mixed degradation regime, MWCNTs cannot stabilize the Pt 
resulting in an accelerated Pt degradation. NbO2 physically mixed with MWCNTs showed 
remarkable stability under simulated load cycling. Unfortunately, NbO2 undergoes further oxidation 
leading to an increased degradation of the overall Pt/NbO2 and Pt/NbO2-MWCNT. Having this in 
mind, a question arises: is it possible to exploit the Pt-metal oxide interaction that stabilizes the Pt 
and combine it with the durability of graphitic carbon? 
This problem was extensively discussed with Dr. Albert Nasibulin, during the environmental 
exchange at the Aalto University, Finland. His experience with nanostructured carbon suggested 
that graphene layers can be grown on the surface of metal oxides[177,178]. In this approach, the 
graphitic layers are protecting the metal oxide and offer the electrical path which is highly needed 
as it was observed in Chapter 5.2. 
It was documented that Pt nanoparticles are self-organizing on graphene layers maximizing the area 
for catalytic activtity[179,180]. A similar effect has been observed for Pt nanoparticles obtained by 
UV irradiation on the surface of MWCNTs[127,128]. The metal - metal oxide - graphene interface 
was reported to lead to a stabilizing effect of Pt[181]. Recently, Pt deposited on C-Al2O3 
composited was reported to have an increased activity towards methanol electrooxidation[182]. A 
strong metal-support interaction has been documented for carbon riveted Pt on alumina filled 
MWCNTs[183]. Pt/Al2O3 was extensively studied for temperature controlled CO and NO 
oxidation[184–186]. Little effort has been made for the promotion of hybrid structures as PEMFC 
electrocatalyst support. An attempt to grow graphene-like layers on the surface of alumina 
nanofibers was made due to the fact that both graphene[179,180] and Al2O3[183] interacts strongly 
with Pt,. 
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The synthesis of the support was performed entirely at the Aalto facilities in close collaboration 
with the group of Irina Hussainova from Tallinn University of Technology, Estonia. In this section, 
the physicochemical characterization of platinized carbon covered alumina is presented in detail. 
The electrochemical activity is investigated in a three electrode cell setup and the stability was 
studied via post-mortem techniques.  
6.1 Physicochemical characterization 
The synthesis of the support took place in a chemical vapour deposition reactor[187]. Alumina 
nanofibers were obtained by a previous reported method[188]. Graphene-like structures were grown 
on top of the alumina nanofibers in an ethylene/hydrogen mixture. I have received the resulted 
graphene-like supported on alumina nanofibers (hereinafter, G-Al2O3) for platinization and future 
physicochemical and electrochemical characterization. The detailed synthesis of 3 nm Pt 
nanoparticles is presented in detail in Chapter 3.3.1. 
Pt nanoparticles are uniformly dispersed on the surface of fiberlike G-Al2O3 (Figure 6.1 A). Pt 
particles appear to fully cover G-Al2O3, yet no severe particle agglomeration can be observed 
(Figure 6.1 B). Alumina nanofibers with diameters between 10 and 30 nm are fully covered by a 
thin layer of what is expected to be a graphene-like carbon (Figure 6.1 C). This carbon layer is 1-4 
nm thick and it is fully wrapping the alumina nanofibers. Pt particle size histogram is presented in 
Figure 6.1 D which shows that approx. 45 % of the measured particles have 3 nm diameters. The 
average particle size is 3.2 nm ± 1.1 nm, where the error is given by the FWHM of the Gaussian fit 
in Figure 6.1 D. 
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 Figure 6. 1 TEM images of Pt/G-Al2O3 (A-C) and Pt particle histogram (D) obtained from counting more than 500 
individual particles from several micrographs. 
TG-DSC investigations were performed in order to quantify the amount of carbon present on the 
alumina nanofibers (Figure 6.2). The DSC profile shows a major exothermic peak with an onset 
around 500 oC. In the low temperature region (below 450 oC) a continuous loss that sums up to 
roughly 3% is observed. This loss corresponds probably to the amount of oxygen functionalities. 
The combustion of carbon starts at approx. 500 oC and ends about 650 oC where it reaches a 
plateau. The combusted mass is approx. 20%, therefore corresponding to a 20 % mass of carbon. 
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 Figure 6. 2 TG-DSC profile of G-Al2O3. 
The XRD exhibits Pt specific peaks corresponding to Pt (111), Pt (200) and Pt (220) (Figure 6.3 A). 
The large FWHM of the peaks suggest that the Pt crystallite size is very small. The resulted 
crystallite size is 2.9 nm, obtained from the Pt (111) peak and the Scherrer formula. This is smaller 
than the particle size obtained from the TEM analysis. The peak around 2θ = 260 is attributed to the 
C (002) reflection which is a qualitative indication that the carbon material has a graphitic nature. 
The Raman spectrum showed in Figure 6.3 C resembles all the carbon features with the two main 
bands, D and G, present in the first order Raman. Alumina does not present any active bands in 
Raman[189], therefore the contribution is solely from the carbonaceous material. The more 
pronounced D band in comparison with the G band indicates that the carbon material present in the 
sample has a more disordered character rather than a graphene-like structure. The intensity ration 
between the D and the G band is a good indicator of the graphitic nature[112,113,190]. In this case, 
this ratio is equal to 1.55. It should be noted that for the active carbon, Vulcan, the ratio is 0.61[129] 
which means that G-Al2O3 is more disordered than Vulcan.   
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 Figure 6. 3 XRD (A) and Raman spectrum (B) of Pt/G-Al2O3. 
 
According to the XPS survey (Figure 6.4 A) the only constituents of G-Al2O3 are carbon, oxygen 
and aluminium. The surface concentration reveals that the major component is carbon with 55.4 %, 
followed by aluminium with 22.9 % and oxygen with 21.7 %. This came as a surprise due to the 
large amount of carbon present in the sample. The XPS carbon concentration is more than 2 times 
larger than the obtained TG percentage (approx. 20%). However, it should be taken into account 
that XPS is a surface science technique probing only the first few top nm.  
The high resolution spectra of C 1s (Figure 6.4 B) shows that the major contribution comes from a 
peak centred at 284.6 eV. This corresponds to the C-C bonding or sp2 hybridized carbon and 
accounts for a surface concentration of 70.9 %. The oxygen functionalities are accounting for 
approx. 19.2% while the surface concentration of sp3 carbon and π-π interaction account for approx. 
5% each. Therefore, the XPS suggests that the major carbon component is sp2, which is 
contradictory to the Raman findings. It seems possible that if in some locations the carbon shell 
around the alumina is too thick, the XPS will go only through the carbon. This is in line with the 
very large carbon concentration obtained from the XPS survey. If this is the case, then why is 
aluminium present in the survey? One might argue that the alumina nanofibers are not covered 
homogenously by the carbon layer. Therefore, in some places the XPS detects aluminium and 
carbon while in some places it detects only the carbon layer.  
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 Figure 6. 4 XPS survey (A) and the high resolution spectra of C 1s (B) for G-Al2O3. 
High resolution-TEM (HR-TEM) was performed on the samples in order to shed some light on the 
carbon structure of G-Al2O3 (Figure 6.5). It is clear now that the carbon structure wrapping the 
alumina nanofibers is composed of 4-5 stacked graphene layers (blue arrows in Figure 6.4). The 
thickness of the carbon film is approx. 3 nm. The thickness of a graphene sheet is 0.345 nm 
meaning that the graphene sheets occupy 1.4 nm out of the total 3 nm carbon. The d spacing of a 
completely graphitized carbon is 0.3354 nm which in 1.6 nm is equivalent to 4.7 d spacing. This 
means that the carbon film around the alumina is, indeed, composed of 4-5 graphene layers. 
 
Figure 6. 5 HR-TEM of Pt/G-Al2O3. Blue arrows are indicating towards graphene layers, green arrows are indicating the 
alumina fibers and the red arrows are indicating Pt nanoparticles. 
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6.2 Electrochemical activity and stability 
Pt/G-Al2O3 CV exhibits all the Pt features, such as hydrogen adsorption-desorption and the Pt oxide 
formation and reduction (Figure 6.6 A). It is interesting to observe that the double layer charge is 
considerably diminished which is surprising considering the structure ultrahigh aspect ratio. At a 
detailed inspection of the CV, it is observed that the Pt-oxide reduction peak has a larger absolute 
value then the absolute value of the hydrogen desorption peak. A similar effect was observed only 
in the case of Pt/GNF (Figure 4.6) which exhibited remarkable electrochemical activity towards 
oxygen reduction reaction. The electrochemical surface area (ESA) was determined from the charge 
associated with hydrogen desorption and divided to the Pt electrode mass in order to obtain the 
specific electrochemical surface area (ECSA). The measured ECSA was averaged over five 
measurements resulting in 87.6 m2 gPt-1. Taking into account that the Pt average particle size is 3.2 
nm then the theoretical ECSA is 87.4 m2 gPt-1, hence the Pt utilization is 100%. Comparable Pt 
utilizations were reported recently for other hybrid materials such as Pt supported on graphene-
zirconium boride[191]. This is in line with previous molecular dynamics simulation on Pt-graphene 
which stated that Pt has a remarkable high electrocatalytic activity due to an unusual self-
assembly[179]. 
 
Figure 6. 6 CV of Pt/G-Al2O3 measured in Ar saturated 0.1 M HClO4 at 0.05 V s
-1 from 0.05 to 1.3 VRHE (A). Anodic ORR 
sweeps of Pt/G-Al2O3 measured in O2 saturated 0.1 M HClO4 at 0.05 V s
-1 (B). Working electrode geometrical area: 
0.196 cm-2. 
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The ORR sweeps presented in Figure 6.6 B shows an onset potential at 0.98 VRHE which is 
commonly observed for supported Pt nanoparticles[39,91]. The diffusion limiting current, measured 
at 0.4 VRHE, is in excellent agreement with the theory (approx. -6 mA cmgeo-2). The kinetic current 
was determined from the anodic ORR sweeps measured at 0.9 VRHE and 1,600 rpm (Figure 6.6 B). 
This was divided to the ESA in order to obtain the specific activity (SA) and to the Pt electrode 
mass in order to obtain the mass activity (MA). This resulted in an SA of 348 µA cmESA-2 and an 
MA of 305 A gPt-1. The graphene-zirconium boride MA is approx. 16 A gPt-1[191]. This is almost 20 
times lower, even though the particle size is considerably smaller. A significant smaller value is 
observed for the Pt supported on graphene-ITO hybrid where the MA obtained was approx. 85 A 
gPt-1, in spite of the large ECSA (approx. 70 m2 gPt-1)[181]. To the best of my current knowledge, 
Pt/G-Al2O3 exhibits the highest activity in terms of ECSA, Pt utilization and MA for Pt supported 
on hybrid materials.  
When Pt/G-Al2O3 was designed it was aimed as a highly stable material for PEMFC use. The 
remarkable activity is an added bonus. For comparison purposes, an activated carbon (KJB, EC-
600, 1200 m2 g-1) was platinized in the same manner as Pt/G-Al2O3. The post mortem TEM analysis 
after AST II (Figure 6.7 A) shows that Pt undergoes severe degradation. In this case, most of the Pt 
nanoparticles are not found in their initial shape and size. Pt coalescence appears to be the 
predominant degradation route. However, this is not the case for Pt/G-Al2O3 treated with AST III 
(Figure 6.7 B) where most of the Pt nanoparticles preserve their spherical shape. Pt growth does not 
take place to a very large extent. An increased electrochemical stability is observed when looking at 
the degradation profiles (Figure 6.7 C-D). In both cases, Pt/G-Al2O3 retains more than 90 % of the 
initial ESA. During AST III, Pt/G-Al2O3 loses less than 3 % of the initial ESA after 30,000 cycles 
(17 h) of continuous start-up/shutdown (Figure 6.7 D). This is a remarkable improvement in the 
overall electrocatalyst stability.  
It is expected that an MEA operated in a car will experience approx. 100,000 start-up/shutdown 
cycles during its life time which is, just, three times larger than this degradation protocol. One can 
argue that after 100,000 cycles the relative ESA loss would account for approx. 10% that is an 
astonishing stability. Even in the load cycling protocol, Pt/G-Al2O3 loses approx. 10 %. 
Nevertheless, this was observed for the Pt/NbO2 and Pt/NbO2-MWCNT. The CVs presented as an 
inset in Figure 6.7 C-D show very little change between the beginning and end of test. An in-house 
prepared electrocatalyst, Pt/KJB, with a similar particle size was subjected to the same degradation 
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protocols. As it can be observed from Figure 6.8, Pt/KJB loses approx. 20 % of the initial ESA. 
This means that during AST III, Pt/G-Al2O3 gained, in terms of electrochemical stability, one order 
of magnitude improvement over Pt/KJB. And during AST II, Pt/G-Al2O3 showed half of the loss 
exhibited by Pt/KJB. 
  
Figure 6. 7 Post-mortem TEM images of Pt/G-Al2O3 degraded by AST II (A) and AST III (B). Degradation profile of Pt/G-
Al2O3 degraded by AST II (C) and AST III (D). The CVs at BOT and EOT are presented in the insets (C-D): recorded in Ar 
saturated 0.1 M HClO4 at 0.1 V s
-1. 
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Figure 6. 8 Degradation profile of Pt/KJB degraded by AST II (A) and AST III (B). 
6.3 Conclusions 
A new electrocatalyst support, G-Al2O3, was designed based on the findings from Chapter 4 and 5 
which dealt with carbon nanostructures and nano metal oxides, respectively. The approach 
consisted in bringing the good from two different worlds: the high corrosion resistant graphitic 
carbon and the enhanced Pt-metal oxide interaction. Several graphene-like layers were grown on 
top of ultrahigh aspect ratio alumina nanofiber in order to circumvent the electronic conductivity 
problems that come with mostly any transition metal oxide and to protect the alumina from the 
acidic environment.  
Electrochemical activity studies showed that Pt/G-Al2O3 has a 100 % Pt utilization and an increased 
ORR activity. Simulated load cycling revealed that Pt/G-Al2O3 undergoes some Pt coalescence but 
the overall ESA loss after 10,000 cycles is less than 10%. However, Pt/G-Al2O3 showed almost no 
performance loss when tested in a start-up/shutdown degradation protocol for 30,000 cycles. There 
is no doubt now, that from the electrochemical stability point of view Pt/G-Al2O3 is one of the most 
stable electrocatalysts for PEMFC. 
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7. Further work and outlook 
A wide range of materials have been tested as electrocatalyst support for PEMFC. The materials are 
very different in morphology and composition as showed by the physicochemical characterization. 
The electrochemical activity and stability studies reached several conclusions that are summarized 
in the following.  
It was observed that platinum nanoparticles deposited on low surface area carbons are highly 
unstable in spite of their enhanced ORR activity. The degradation profile showed that this type of 
material is less stable than the commercially available Pt/C. The low surface area does not allow for 
the Pt nanoparticles to move on the support without colliding with another nanoparticle and 
resulting in severe Pt agglomeration. Even though the support nature is highly graphitic, it seems 
that the graphitized nanofibers (GNFs) are an unsuitable electrocatalyst support. Multi-walled 
carbon nanotubes (MWCNTs) were preferred instead, although they showed a lower 
electrochemical activity. An alternative functionalization method was used in order to avoid the 
acid treatment that damages the MWCNT structure. A non-damaging alternative was performed by 
harvesting the MWCNTs π network. This resulted in an overall increase in the electrochemical 
activity and stability. 
Testing ceramic material was proven to be tedious due to their low electronic conductivity. It was 
showed that SiC is a very stable support, undergoing mild oxidation during the electrochemical 
stability studies. NbC-N exhibited sufficient electronic conductivity but degraded very fast during 
simulated start-up/shutdown conditions. In contrast, NbO2 had to be mixed with MWCNTs in order 
to show a decent ORR activity. The Pt-NbO2 interaction was held responsible for the enhanced 
electrochemical stability during load cycling. Further investigations need to be performed in order 
to establish the nature of such interaction. 
A bottom-up approach was used in designing a new class of electrocatalyst support. Based on the 
findings from the two previous top-down approaches, a hybrid material was synthesized. This 
consisted of growing a few graphene-like layers on the surface of alumina fibers with ultrahigh 
aspect ratio. The material showed a 100 % Pt utilization and remarkable electrochemical stability. 
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In conclusion, the materials tested throughout this work showed that a high surface area carbon with 
a large graphitic content is needed for a stable electrocatalyst support. Some ceramic materials, such 
as transition metal oxides interact with Pt, possibly preventing Pt degradation. These two types of 
materials are not stable in both degradation regimes. Therefore, encapsulating a metal oxide in 
carbon might lead to future stable electrocatalyst supports much needed for fuel cell 
commercialization.  
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 Figure A. 1 High resolution XPS of C 1s for untreated Pt/SiC-SMS (A) after AST II (B) and after AST III (C) 
 Figure A. 2 High resolution XPS of O 1s for untreated Pt/SiC-SMS (A) after AST II (B) and after AST III (C) 
 
 
 Figure A. 3 High resolution XPS of Si 2p for untreated Pt/SiC-SMS (A) after AST II (B) and after AST III (C) 
 
 
 Figure A. 4 High resolution XPS of Pt 4f for untreated Pt/SiC-SMS (A) after AST II (B) and after AST III (C) 
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A new type of fuel cell catalyst support has been synthesized and 
platinized. Nitrogen doped niobium carbide has been synthesized 
by an urea glass route. Mean particle diameter from 30-80 nm was 
obtained by modifying the ratio between the metal chloride and 
urea. Platinum nanoparticles with 3-4 nm particle diameter have 
been synthesized and subsequently deposited on the support using 
a segregation agent. X-ray diffraction confirmed the support’s 
structure and the presence of Pt with nanometric crystallites. 
Morphological characterization and elemental analysis was done 
by an EDS coupled SEM. The final product was characterized in 
an electrochemical cell in order to show that the Pt is active 
towards the electrochemical reduction of oxygen. The material was 
tested for its electrochemical stability in an acidic environment and 
compared against a commercial Pt based catalyst.  
 
 
Introduction 
 
     The current strategy for reducing the Pt loading is either alloying the Pt with a 
transition metal or completely replacing the Pt with a non-precious metal catalyst 
(NPMC). Pt alloying has proven highly effective in terms of activity, but the secondary 
metal seems to leach causing irremediable damage to the MEA (1). To date there are no 
NPMC nanoparticles which can withstand a highly acidic environment containing 
fluoride ions. It seems that metal organic frameworks (2) and pyrolized nitrogen 
containing macrocycles (3) are active towards ORR and present some stability. In order 
for a fuel cell to work with NPMC it needs to have large amounts of NPMC which in turn 
will give rise to other problems such as mass transport limitations, thick MEA, etc. 
Currently, Pt still remains the better choice as the ORR catalyst. Some work has been 
done in order to determine the particle size effect on activity (4) or durability (5). Particle 
morphology plays a role in durability as well (6). 
 
     Reducing the Pt amount by alloying has proven successful in terms of activity, NPMC 
show some activity and stability without any Pt but a balance is needed between activity 
and durability. This may be achieved by reducing the degradation rate of the 
electrocatalyst and its support. In general, the support is a high surface area active carbon 
composed of particles around 20-50 nm in diameter with a disordered grapheme-like 
structure in the middle and well-ordered at the surface. One approach has been the 
investigation of nanostructured carbon for use as catalyst support (7). Even though the 
carbon support presents all the assets needed as a support it lacks the durability. It is 
known that carbon oxidizes to carbon oxide at 0.207 VRHE (8) which is also accelerated 
by the presence of Pt and the high temperatures and potentials. Carbon corrosion has 
10.1149/05801.1267ecst ©The Electrochemical Society
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been documented to be the second major primary degradation mechanisms when the 
start/stop cycle was simulated (9). 
 
     A couple of strategies have been adopted in order to overcome this issue. In this 
respect carbon nanofibers (10-11), carbon nanotubes (12-13) and graphenes (14-15) have 
been tried as Pt support. Another approach has been the total replacement of carbon with 
a non-corrosive support such as transition metal oxides (16), carbides (17-18) and nitrides 
(19-20). Early transition metal carbides show good chemical stability and corrosion 
resistance. Group 5 carbides do not present high activity towards oxygen reduction 
reaction but they present the needed characteristic for use as catalyst support. However, it 
is rather hard to synthesize these materials with high surface area which is strongly 
needed for fuel cell electrocatalysts.  
 
     Different carbides have been used as supports, mostly tungsten and molybdenum 
carbide. Tungsten carbide, WC, has been platinized and showed increased activity 
compared to Pt/C (21) in an acidic electrolyte. After 300 cycles this increase has been lost 
due to the oxidation of WC to WOx which resulted in large Pt clusters. In addition to this, 
WOx is easily converted to hydrogen tungsten bronze which is soluble and makes it easier 
for the Pt nanoparticles to detach into the electrolyte. Furthermore, Pt nanoparticles 
dispersed on W2C showed higher electrochemically surface area compared to the Pt/C 
(22), it has been shown later that W2C is not electrochemically stable at potentials higher 
than 0.4 VRHE (23). Molybdenum carbide-carbon nanotubes (Mo2C/CNT) have been tried 
as a catalyst support as well (24). Considering that Mo2C is oxidizing at lower potentials 
than WC it is expected that its durability under potential cycling in acidic environment to 
be similar.  
 
     Nitrogen containing niobium carbide (NbCxN1-x) has been synthesized in this work 
using an urea-glass route (25). Its crystal structure was indexed by X-ray diffraction 
(XRD), the elemental analysis was done by energy dispersive X-ray spectroscopy (EDX). 
Platinization of the substrate has been done by a modified polyol method. The platinized 
NbCxN1-x has been tested for its electrochemically performance and stability against a 
commercial 20 wt.% Pt on active carbon (BASF, LOT # H0020626). 
 
Experimental 
 
     Materials and synthesis 
 
     The preparation of the NbCxN1-x was done by an adapted method which has been 
previously reported (26-27). Briefly, 1g of NbCl5 (99%, Sigma-Aldrich) was dispersed in 
2 ml of ethanol (96%, VWR). An amount of 2.223 g urea (99%, Sigma Aldrich) was 
added to the niobium chloride solution. This amount corresponds to a ratio of ten 
between niobium chloride and urea. This was ultrasonicated in an ultrasonic bath 
(Bandelin SONOREXTM) for 30 min. until complete dissolution of urea. The final 
mixture was heated up in a horizontal tube furnace to 9000C for 12 h at a heating rate of 
3000C h-1. Ar was passed through the tube furnace at 300 ml min-1 until the furnace 
reached room temperature.  
 
     Platinum nanoparticles were synthesized by a modified polyol method. In short, 20 ml 
of 9.6 mM K2PtCl4 (46.75% Pt, Alfa-Aesar) in ethylene glycol (99%, VWR) was added 
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drop-wise to 20 ml of 6mM of polyvinylpyrrolidone (PVP, Mw=55000, Sigma-Aldrich) 
in ethylene glycol. This solution was mixed for 45 min. at 600C on a heat plate equipped 
with magnetic stirring. Then, the mixture was refluxed at 1600C for 3h with Ar bubbling 
through the reaction vessel. 150 mg of NbCxN1-x was added to the resultant mixture with 
100 ml of acetone (99%, VWR) in order to produce a 20 wt.% Pt electrocatalyst. This 
was mixed for 12 h at room temperature using a magnetic stirrer. The whole solution was 
collected in eppendorfs and washed 6 times by centrifugation at 4500 rcf for 10 min 
using an Eppendorf 5804 centrifuge. The final precipitate was collected and dispersed in 
10 ml of water and dried for 12 h. In order to completely remove PVP the powder was 
vacuum-dried for 6 h at 600C. 
 
     Methods 
 
     1 ml of solution was removed from the initial Pt-ethylene glycol mixture and when the 
synthesis ended another 1 ml was removed. Both aliquot samples were characterized by a 
Shimadzu UV-1650PC spectrophotometer. NbCxN1-x and platinized NbCxN1-x were 
characterized by XRD using a Siemens D-5000 diffractometer equipped with a Cu Kα 
radiation source. SEM (scanning electron microscopy) was conducted using a Hitachi S-
4800 equipped with a cold field-emission electron source. Elemental analysis was 
performed by energy dispersive spectroscopy by means of XFlash® 6, Bruker detector 
connected to the SEM. 
 
     Electrochemical measurements were done in a three-electrode, two compartment cell 
using a rotating disk electrode (RDE, Pine Instruments) with a 0.1963 cm2 glassy carbon 
disk insert. 200 ml of 0.5 M HClO4 (Suprapure®, Sigma-Aldrich) in ultrapure water (18.2 
MΩ, Millipore) was used as electrolyte. A dynamic hydrogen electrode (HydroFlex®, 
Gaskatel) was used as a reference electrode, while the counter electrode was a Pt wire in 
a glass-tube sealed with a ceramic frit. All the potentials are listed vs. reversible hydrogen 
electrode (RHE). iR compensation was done via positive feedback until the electrolyte 
resistance was less than 2 Ω. All the measurements were done with a Zahner® IM6-Ex 
potentiostat and collected through Thales software provided by Zahner®. Catalyst inks 
have been prepared by 1h ultrasonication of 7.4 mg electrocatalyst in 5 ml of ultrapure 
water. 20 µL of ink has been deposited on the GCE in order to obtain a good dispersion 
on the electrode’s surface.  
 
     Ar was purged through the electrolyte at 10 ml min-1 in order to determine the 
electrochemical surface area (ESA). This was estimated by dividing the charge associated 
with the hydrogen desorption region to 210 µC cm-2, which is the charge density required 
for a Pt surface to be fully covered with hydrogen. The kinetic parameters were 
determined from an O2 saturated electrolyte by purging O2 at 10 ml min-1. The signal 
obtained in O2 free electrolyte was subtracted from the signal obtained in O2 saturated 
electrolyte. The kinetic current was determined using the well-known methodology (28). 
 
     Accelerated ageing test (AAT) was performed by electrochemical degradation in 0.5 
M HClO4 electrolyte. Both BASF and Pt/NbCxN1-x were cycled at 0.5 V s-1 for 5000 
cycles in the 0.05–1.3 VRHE range. ESA was estimated every 250 cycles in order to track 
the changes in ESA. 
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Results and discussion 
 
     Pt nanoparticle formation 
 
     UV-Vis spectroscopy has been previously used to investigate nanoparticle formation 
(29). The 1 ml aliquots removed at the beginning and the end of the experiment were 
diluted by a 1:21 mixture with ultrapure water. Pt salt dispersed in the ethylene glycol has 
a light yellow color. The Pt species are present in the form of [PtCl4]2- complexes which 
have a specific absorbance close to 285 nm. After 180 min, when the reduction is 
complete, the color changes from light yellow to dark brown. This is an indication that Pt 
(II) has been reduced to Pt (0). For the final aliquot dispersion there is no peak at 285 nm 
which means that there are no Pt species left to be reduced. The dark-brown color gives 
rise to a larger initial adsorption and it also indicates the Pt band structure has been 
formed.  
 
     Structure and morphology of Pt/NbCxN1-x 
 
     X-ray diffraction analysis. Both XRD patterns presented in Figure 1 (black for 
NbCxN1-x and light gray for Pt/NbCxN1-x) have been recorded from 2θ=300 to 850 at a 
step size of 0.020 and dwelling time of 10 s per step. A pure carbide phase should have 
been obtained at high urea contents (26), this is not the case for Nb as it was discussed 
(27). Nb is known to be highly nitrophilic indicating the possibility to form a two phase 
compound, however the XRD pattern presented in Figure 1 reveals only one single face-
centered cubic phase. The peaks are fitting in the middle of the two patterns, NbC and 
NbN. In addition to this the elemental analysis presented in Table 1 shows the presence 
of nitrogen and carbon. Moreover, SEM does not show the presence of two different 
morphologies. Nevertheless, there is the possibility for the nitrogen to go onto the carbon 
positions in the crystal structure. This is why it cannot be considered a carbonitride, but 
there is enough evidence to suggest that nitrogen is present in the carbide structure. 
 
     Pt presence on the support is clearly revealed in Figure 1 (light gray) by the diffraction 
at 2θ = 39.92, 46.18 and 67.68 which corresponds to Pt (111), Pt (200) and Pt (220) 
planes. The broad peaks from Pt diffraction suggest that Pt is present in nanoparticle form. 
Pt (200) was used to determine the crystallite size because Pt (111) and Pt (220) are in the 
proximity of NbC and NbN peaks. Scherrer formula indicates that the Pt crystallite size is 
between 2 and 3 nm. 
 
     SEM images. The SEM images for Pt/NbCxN1-x are shown in Figure 2 a), b), c) and d). 
Figure 2 a) and b) were recorded at 9 kV and resemble a top-overview of the sample. 
NbCxN1-x particles are gray to dark-gray while the Pt covered particles are light-gray to 
white. Figure 2 a) shows that the support is present in form of aggregates of spheres in 
nanometer size. The particles are strongly inter-connected and they are less than 100 nm 
according to Figure 2 b). Even at higher magnifications the support is present only in 
form of nanospheres without other morphologies being present. This is an indication that 
the sample is homogeneous. 
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Figure 1. XRD patterns for experimental obtained NbCxN1-x (black) with the indexed 
patterns for NbC (ICDD PDF 00-034-1364, black dash) and NbN (ICDD PDF 00-074-
1218, black dotted). XRD patterns for experimental obtained Pt/NbCxN1-x with the 
calculated pattern for Pt (ICDD PDF 00-004-0802, light gray short dashed) 
 
     High resolution SEM images were recorded at 12 kV and are shown in Figure 2 c) and 
d). Figure 2 c) shows that the support is present in form of nanospheres connected in 
large chains. Small Pt nanoparticle aggregates can be viewed in Figure 2 c) which are 
present in form of protuberance on the support’s surface. It is not completely clear from 
Figure 2 c) that the Pt nanoparticles are present on every support particle due to the 
difference on the Z-axis in the support chain. However, Figure 2 d) shows a good 
dispersion of Pt nanoparticles over the support surface without any Pt agglomerates 
present on the surface. The Pt nanoparticles are present as light gray particles on the dark 
gray support with dimensions between 3 and 4 nm. 
 
     EDS analysis. The strongest peaks are attributed to Nb which was expected 
considering that Nb is the major component in the support hence in the electrocatalyst 
composition. Nb is present by the two major lines corresponding to the Lα and Kα 
electron shells at 2.16 keV and 16.58 keV, respectively. The second major component in 
the samples is Pt with its Lα line present at 9.44 keV and its contribution in the region of 
10.8-11.4 keV. However, Pt should present another characteristic line attributed to the M 
electron shell at 2.05 keV. This is hidden by the major Nb Lα line present around 2 keV. 
Carbon and nitrogen are also present in the beginning of the spectrum with their specific 
Kα lines localized at 0.28 keV and 0.39 keV, respectively. There is a peak around 1.5 
keV which corresponds to the Al Kα line. Al is present in the spectrum from the sample 
holder. It is clear now that no other elements are present in the support composition. The 
results from the EDS analysis enforce the SEM characterization with regards to the 
presence of Pt on the support. 
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 Figure 2. SEM images of Pt/NbCxN1-x at low magnifications a) and b) and high 
magnifications at c) and d) 
 
 
     Table I shows the elemental composition of the sample. This has been averaged from 
ten different regions with no major difference in the composition percentage even though 
the regions were independent. The presence of nitrogen in the support composition 
indicates that this is not pure carbide, confirming that the nitrogen is part of the support. 
However, both the mass percentage and the atomic percentage show that there is more 
carbon than nitrogen in the sample, hence it behaves more like a carbide. The major 
component of the electrocatalyst is niobium which was expected. Pt mass percentage is 
approx. 20 % which was the targeted concentration. 
 
     Several SEM images have been taken and analyzed towards Pt mapping. Pt is evenly 
distributed on the support’s surface with small regions where Pt is not present. However, 
there are some regions where Pt tends to bundle up. This is caused by the existence of Pt 
in several layers of support stacked one upon each other. 
 
     Electrochemical characterizations. Pt/NbCxN1-x was studied for its properties to 
electrochemically reduce O2 in an acidic electrolyte and compared to a commercial 
catalyst, BASF. Figure 3 shows the steady-state CV curves of the Pt/NbCxN1-x (light 
gray) and BASF (black) in 0.5 M HClO4 saturated by Ar at a scan rate of 0.05 V s-1. Both 
samples present the characteristic Pt features: hydrogen adsorption/desorption and Pt 
oxide formation and stripping. The hydrogen desorption regions look similar for both 
samples which is an indication that there is no preferential grow of certain Pt facets. The 
Table I. Elemental quantification from the EDX spectra 
 
Element Atomic 
number 
Series Mass  
wt. % 
Atomic  
% 
Error  
wt. % 
Carbon 6 K 19.31 60.73 2.60 
Nitrogen 7 K 4.48 12.16 0.77 
Niobium 41 L 56.1 23.17 1.73 
Platinum 78 L 20.10 3.95 0.54 
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specific electrochemical surface area (ECSA) was calculated by dividing the ESA to the 
Pt electrode loading which gave a value of 49 m2 g-1 for Pt/NbCxN1-x and 62 m2 g-1 for 
BASF.  
 
     The catalytic activity on Pt surface is influenced by many factors such as Pt 
nanoparticle size (4), morphology (30) and synthesis procedure (31). Pt particle size for 
BASF is 2.5 nm while in the Pt/NbCxN1-x is 3-4 nm which may account for the relatively 
smaller ECSA. Isolated regions on the support with small areas which have low 
electronic conductivity may cause a decrease in the ECSA. This phenomenon has been 
already proposed for the ZrO2-C hybrid structure (16). 
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Figure 3 CV curves for Pt/NbCxN1-x (light gray) and BASF (black) in Ar saturated 0.5 M 
HClO4 at 0.05 V s-1 
 
     The Pt oxide region resembles some differences between the two samples, such as the 
onset and the peak position of the Pt oxide stripping. The onset is shifted 0.045 VRHE 
towards larger potentials for Pt/NbCxN1-x compared to BASF. Moreover the peak for Pt 
oxide stripping for Pt/NbCxN1-x is situated at 0.784 VRHE while for BASF is situated at 
0.745 VRHE.  
 
     ORR was carried out in an oxygen saturated electrolyte (Figure 4) in order to 
determine if there is any effect of the NbCxN1-x on the electrochemical reduction of O2. 
Figure 4 a) and b) are showing the ORR curves at different rotational speeds for BASF 
and Pt/NbCxN1-x, respectively. Even though in the steady state CVs there was a clear 
distinction between the onset and the peak positions for Pt oxide stripping, it does not 
appear to be the case here anymore. The onset and the half-wave potential are almost the 
same. However, the mass transport limiting current is relatively lower for Pt/NbCxN1-x 
which is unclear. Even though the difference accounts for less than 10% compared to the 
theoretical limiting current. This effect can be seen for every rotational speed and it is an 
indication that some intermediate-products might have not been completely reduced and 
they are covering the electrode surface. Another explanation can be the incomplete O2 
saturation in the electrolyte. However, the current at 0.4 VRHE becomes constant after 
purging the electrolyte with O2 for more than 750 s, as it is shown in Figure 4 c). 
Moreover, if this would have been the problem one should expect a fluctuating mass 
transport limiting current and not a constant one. It may be argued that there are small 
localized regions in the substrate which are non-conductive. This would in turn give a 
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decrease in the kinetical current and not in the mass transport limited which is a current 
with geometrical dependence. 
 
 
 
 
 
     The specific activity (SA) can be determined by dividing the kinetic current to the 
ESA, while the mass activity (MA) is determined by dividing the kinetic current to the Pt 
electrode loading. The kinetic current was estimated from the sweeps at 1600 rpm in an 
oxygen saturated electrolyte at a potential of 0.9 VRHE. A summary is presented in Table 
II. Figure 4 d) illustrates the Tafel plots for determining the specific activity at different 
over potentials. It is interesting to see that the SA is larger in the case of BASF until 0.87 
VRHE, while the Pt/NbCxN1-x has a higher SA after 0.87 VRHE. 
 
Table II. Summary of the obtained electrochemical properties 
Sample Pt size / nm Pt loading / 
μg cm-2 
ECSA /  
m2 g-1 
SA /  
mA cm-2 
MA /  
A mg-1 
BASF 2.5 30 62 0.29 0.19 
Pt/NbCN 3-4 40 49 0.34 0.17 
 
Figure 4 ORR curves for BASF recorded at 0.05 V s-1 in a), ORR curves for Pt/NbCxN1-x 
recorded at 0.05 V s-1 in b). Koutecky-Levich plots for Pt/NbCxN1-x (light gray) and BASF 
(black) in c). Tafel plot for Pt/NbCxN1-x (light gray) and BASF (black dotted) in d).  
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Figure 5 Relative ESA vs. number of potential cycle for BASF (black) and NbCxN1-x 
(light gray) 
 
     Accelerated ageing test (AAT) results are shown in Figure 6. The relative ESA for 
Pt/NbCxN1-x is increasing in the first 250 cycles and after that it is continuously 
decreasing. This is caused by the so called Pt activation which is mainly the action of 
making more Pt available for the reaction. This can be the reason for the low ECSA in the 
beginning. Both samples exhibit a continuous loss of ESA after the first 250 cycles. This 
is a mixt degradation regime where both Pt degradation and carbon corrosion takes place 
(9, 32). In this case most of the degradation is related to increase in Pt nanoparticle size 
and Pt dissolution. However, after 5000 cycles Pt/NbCxN1-x is retaining 56% while BASF 
retains only 44% which indicates that there is a better interaction between the 
electrocatalyst and the support for Pt/NbCxN1-x than for BASF.  
      
Conclusions 
 
     This work reports for the first time the use of nitrogen containing niobium carbide as a 
Pt support for the ORR in acidic environment under potential cycling. Pt/NbCxN1-x has 
proven to have a larger specific activity while the specific electrochemical surface area is 
relatively lower compared to the commercial based electrocatalyst BASF. The durability 
revealed the fact that this electrocatalyst needs about 250 potential cycles in order for the 
total amount of Pt to be completely available for the reaction. Moreover, it seems that the 
Pt on the new support is more stable under potential cycling compared to BASF. Even 
though the mass activity and the specific electrochemical surface area are somewhat 
lower than the commercial catalyst, this type of support has proven to have the necessary 
features to be a stable support in acidic environment under potential cycling with similar 
activity in comparison to BASF.  
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Oxygen reduction and methanol oxidation behaviour of
SiC based Pt nanocatalysts for proton exchange
membrane fuel cells†
Rajnish Dhiman,*a Serban N. Stamatin,a Shuang M. Andersen,a Per Morgenb
and Eivind M. Skoua
Research with proton exchange membrane fuel cells has demonstrated their potential as important
providers of clean energy. The commercialization of this type of fuel cell needs a breakthrough in the
electrocatalyst technology to reduce the relatively large amount of noble metal platinum used with the
present carbon based substrates. We have recently examined suitably sized silicon carbide (SiC) particles
as catalyst supports for fuel cells based on the stable chemical and mechanical properties of this
material. In the present study, we have continued our work with studies of the oxygen reduction and
methanol oxidation reactions of SiC supported catalysts and measured them against commercially
available carbon based catalysts. The deconvolution of the hydrogen desorption signals in CV cycles
shows a higher contribution of Pt (110) and Pt (111) peaks compared to Pt (100) for SiC based
supports than for carbon based commercial catalysts, when HClO4 is used as an electrolyte. The Pt (110)
and Pt (111) facets are shown to have higher electrochemical activities than Pt (100) facets. To the
best of our knowledge, methanol oxidation studies and the comparison of peak deconvolutions of the
H desorption region in CV cyclic studies are reported here for the ﬁrst time for SiC based catalysts.
The reaction kinetics for the oxygen reduction and for methanol oxidation with Pt/SiC are observed to
be similar to the carbon based catalysts. The SiC based catalyst shows a higher speciﬁc surface activity
than BASF (Pt/C) for methanol oxidation and oxygen reduction while the mass activity values are
comparable.
Introduction
Fuel cells are becoming the current focus of energy research due
to their high eﬃciency and for being environmentally friendly.
The state of the art fuel cells use platinum as a catalyst which
contributes around 30–45% to the total cost,1 thus making this
technology very expensive. A catalyst in the form of Pt nano-
particles is uniformly dispersed over the support to enhance the
catalytic surface area and reduce the amount of catalyst needed.
Several diﬀerent alloys of Pt have been investigated with
diﬀerent metals such as Pd, Ni, Co, Cr, Sn, Ru1,2 etc. as a possible
choice for enhancing the catalytic activity and reducing the cost
of the fuel cells. Apart from catalysts, a catalyst support is also
an important avenue of research in order to commercialize the
fuel cells. Carbon black is the standard catalyst support used in
PEMFCs to obtain an optimized catalytic activity at a reasonable
cost.3,4 Generally, a good catalyst support material should have
chemical inertness, high mechanical strength, high thermal
stability, good electrical conductivity and high surface area.
Other forms of carbon, which were proven to be more corrosion
resistant,5 are graphitized carbon black, carbon nanobers,
carbon nanotubes5–7 and other graphene related materials.8
These materials can be produced with high conductivity and
specic surface areas. However, the carbon black supports are
susceptible to electrochemical oxidation especially at the fuel
cell cathode.9,10 The carbon corrosion leads to themigration and
agglomeration of catalyst particles.9 This process results in the
decrease of electrochemical surface area (ESA) and it aﬀects the
performance of the PEMFCs. Thus some alternative support
materials are highly desired to enhance the stability of the
catalysts.11
Diﬀerent ceramic materials have been investigated for
applications as catalyst supports in fuel cells. Titanium based
materials such as TiB2,12 TiO2 13 and TiN nanoparticles14 have
been investigated and reported to show good electrochemical
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activity. Nikiforov et al.15 studied the electrochemical activity of
IrO2 supported on SiC–Si composites and they observed an
increased activity of the catalyst. Lv et al.4 studied the electro-
catalytic activity of Pt/SiC and Pt/SiC/C and they found good
electrocatalytic performance for Pt/SiC/C. In our recent work,16
we also observed a slightly higher ESA for Pt/SiC catalysts in
comparison with commercially used carbon black based cata-
lysts (BASF), where Pt nanoparticles are deposited over the SiC
nanocrystals by the polyol method, using K2PtCl4 as the metal
precursor unlike in the work by Lv et al.
Reduction of Pt-loadings will help to commercialize the fuel
cell technology.17 Pt-loadings have successfully been decreased
from 0.2–0.4 mgPt cm
2 to 0.05 mgPt cm
2 for the anode elec-
trode18 because of the large activity of Pt towards the H2-
oxidation reactions. The reaction kinetics of the oxygen reduc-
tion reaction (ORR) involve multi-electron reactions along with
several elementary steps,1 thus requiring higher overpotentials.
This complex ORR kinetics along with poor activity of Pt for
ORR pose hurdles for reduction of the Pt-loading (0.4 mgPt
cm2) on cathodes.18 Thus it makes for the ORR to be among
the most studied electrocatalytic reactions. It is important to
study the ORR of Pt based electrocatalysts on diﬀerent
catalyst supports. Also, the methanol oxidation reaction (MOR)
is a slow process in comparison with the hydrogen oxidation
reactions (at least three to four orders of magnitude slower).19
MOR involves the transfer of six electrons to the electrode
for the complete oxidation to carbon dioxide. Several interme-
diates are formed during the methanol oxidation such as CO,
formic acid, formaldehyde20 etc. Some species such as CO irre-
versibly adsorb on the surface of the electrocatalyst thus
decreasing the surface area available for adsorbing CH3OH
and severely poison the Pt for the rest of the reaction. This also
leads to a decrease in the rate of oxidation. Thus, new electro-
catalysts are required to inhibit the poisoning and to increase
the rate of oxidation.
SiC has certain unique properties such as good chemical and
mechanical properties, thermal stability, and acid corrosion
resistance,16 which perfectly ts with the requirements for a
good support material. In the present work, we have studied the
oxygen reduction reaction and methanol oxidation behavior of
SiC based supports.
Experimental methods
Materials and sample preparation
The Pt/SiC electrocatalysts are prepared by depositing platinum
on SiC substrates by using the polyol method. The method of Pt
deposition on SiC materials has been reported previously.16 The
SiC materials in diﬀerent forms and shapes are used as
substrates. The details of the three diﬀerent SiC materials are
given in Table 1. Apart from these Pt/SiC materials, a
commercially available Pt/C (20 wt% Pt) catalyst (BASF, LOT #
H0020626) has also been tested for comparison with electro-
chemical behavior of Pt/SiC (20 wt% Pt). The catalyst, Pt/C
catalyst (BASF, LOT # H0020626), is mentioned as BASF in the
whole manuscript.
The aqueous acid electrolyte solutions were prepared from
perchloric acid (70% Fluka TraceSelect, for trace analysis) and
ultrapure Milli-Q (Millipore, MA USA) water with a resistivity of
not less than 18 MU cm. ORR kinetics were investigated using a
rotating disk electrode (RDE). SiC supported platinum nano-
catalyst samples were deposited on the RDE surface. The cata-
lysts of around 2–3 mg were mixed in a suﬃcient amount of
Milli-Q water and sonicated for around 30 min. The amount of
water was decided upon according to the targeted Pt loading
on the RDE surface. The nal catalyst loading was around
120 mgPt cm
2 for SiC based electrodes, while 30 mgPt cm
2 was
used for BASF. In order to achieve full coverage of the RDE for
ORR, we optimized a loading of 120 mgPt cm
2 for Pt/SiC due to
the larger density and smaller BET surface area of SiC in
comparison with the active carbon supports. A drop of 50 mL
suspension was put over the mirror polished glassy carbon (GC)
and le to dry under an IR lamp.
Electrochemical methods and setup
The electrochemical CV measurements were performed using a
Zahner IM6eX electrochemical workstation (Zahner-Electric
GmBH & Co. KG, Germany) controlled by a Thales 1.48. The
RDE setup used is from Pine Research Instruments and it
consists of an AFMSRXE modulated speed rotator and a tip (E5
RDE), and also a 5.0 mm diameter (geometric surface area of
0.1964 cm2) mirror polished glassy carbon electrode surface.
Table 1 Details of the SiC materials tested in the present work
Sample name (type) Particle size Specic surface area (SSA)/m2 g1 Synthesis route
SiC–NS (nanoporous SiC powder) 25–35 nm Calculateda as 54–75 m2 g1 Synthesized by the reaction of
carbon black with SiO vapors16,21 at
a temperature 1450 C
SiC–SPR (SiC nanocrystals) 50–150 nm Calculateda as 18.7 m2 g1 using
100 nm as the diameter
Synthesized by the solid phase
reaction of silicon with carbon black
at a temperature of 1525 C 16
SiC–SMS (microporous SiC powder) 1–10 mm BET surface area measured to be in
the range of 11.82–21.2 m2 g 21
Synthesized by the reaction of
carbon with SiO vapors, where the
carbon is obtained by the
carburization of wood21
a The particles have been assumed as spheres, thus the specic surface area has been calculated by dividing the surface area by the mass of
particles.
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The RDE along with the catalyst dispersed onto the GC surface
was used as the working electrode in a two compartment, three
electrode set up. A reversible hydrogen electrode (RHE) from
Gaskatel GmbH, Germany, was used as the reference electrode
(RE), while a platinum wire of 0.3 mm thickness wound to 40
windings constituting approximately 3 mm diameter, sealed in
a glass tube with a ceramic frit, was used as the counter elec-
trode (CE). All the measurements were performed at a temper-
ature of 25 C, which was kept constant with the help of a
thermostat. All potentials listed are with respect to RHE.
ORR studies were conducted in a two compartment, three
electrode setup lled with 200 ml of 0.5 M HClO4. The back-
ground was collected at 0.05 V s1 from 0.05 to 1.3 V in an Ar
saturated electrolyte. ORR was recorded in an O2 saturated
electrolyte at 0.05 V s1 for 400, 900, 1600 and 2500 rpm. Both
gases were purged at 20 ml min1 for 30 min. The working
electrode was cleaned from 0.01 to 1.6 V until a stable signal
was obtained. In order to measure the kinetic current the
measurements recorded in Ar were subtracted from the ones
in O2.
MOR was studied in a total volume of 200 ml containing
0.25MHClO4 and 0.25 Mmethanol. Ar was purged for 30min at
20 ml min1. All the measurements were recorded aer
subsequent cleaning of the working electrode by cycling until a
stable CV is obtained. MOR was recorded in the potential range
of 0 to 1.4 V, at a scan rate of 10 mV s1. The investigated
catalyst was drop coated on a 0.12 cm2 Au electrode which was
connected by a gold wire as the working electrode. All the data
were processed by using OriginPro 8.5 (Originlab, USA).
Calculations
Electrochemical surface area. The electrochemical surface
area (ESA) is the surface area of the catalyst particles available
for the electrode reaction. The ESA is obtained by measuring
the charges involved in the hydrogen desorption/adsorption
regions of the cyclic voltammogram (CV), recorded in an oxygen
free electrolyte. The corresponding charges are calculated by
integrating the hydrogen desorption region, and dividing it by
the scan speed (v). The contribution due to the double layer
charging is subtracted during the calculation. The calculation of
the ESA is carried out by the following equation:16,22
ESA ¼ QH
C
; (1)
where ESA is the electrochemical surface area [cm2], QH is the
average charge [C] for hydrogen adsorption and desorption
while C is a constant (C ¼ 210 mC cm2).
Oxygen reduction reactions. The catalytic activity for ORR is
evaluated by calculating the surface activity (SA) by the following
equation.
SA ¼ Ik
ESA
; (2)
where Ik is the kinetic current and ESA is the electrochemical
surface area. The current, I, for a rotating disc electrode is
related to the value of the diﬀusion limited current, IL, and
kinetic current, Ik,.23,24 The kinetic current can be calculated by
the Koutecky–Levich equation (which is the reciprocal of the
intercept along the y-axis, if i1 is plotted against u1/2) as
shown below:
1
i
¼ 1
ik
þ 1
Bu
1
2
; (3)
where u is the angular velocity in rad s1, i and ik are the specic
currents obtained by normalizing Ik to ESA and B is a constant
with its value given by eqn (4).
B ¼ 0:62nFAcoDo
3
2v
1
6 (4)
In eqn (4), n is the number of electrons transferred, F is the
Faraday constant (96 485.53 Cmol1), A is the area of the elec-
trode used, co and Do are respectively the concentration and
diﬀusion coeﬃcient of oxygen in the bulk electrolyte, and v is
the kinematic viscosity of the liquid phase.
Methanol oxidation reactions. The cyclic voltammogram
(CV) of MOR consists of a peak in the forward scan and another
peak in the reverse scan, both arising due to the oxidation of
methanol and/or intermediates.25 The determination of activity
of the MOR is based upon the amount of charge transferred
during the oxidation. The catalytic activity for methanol oxida-
tion is assessed by the surface specic activity (SSA) and is
calculated with the following equation,26–28
SSA ¼ QM
ESA
; (5)
Fig. 1 XRD patterns of SiC nanocrystals and the Pt/SiC electrocatalysts. (a)
nanocrystals synthesized by solid phase reaction, (b) nanoporous SiC synthesized
by reaction with silicon monoxide and (c) microporous SiC powder.
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where QM is the charge required for the oxidation of methanol
(which is calculated by the integration in the methanol oxida-
tion region of the CV).
Fig. 2 SEM images of the Pt/SiC electrocatalysts at diﬀerent magniﬁcations. (a)
and (b) show SEM images of Pt nanoparticles deposited over SiC–SMS (Pt/SiC–
SMS), (c) and (d) show images of Pt catalyst on SiC–NS (Pt/SiC–NS) and SiC–SPR
(Pt/SiC–SPR) respectively.
Fig. 3 TEM images of the electrocatalysts Pt/SiC at diﬀerent magniﬁcations. (a),
(b) and (c) are TEM images of Pt/SiC–SMS at diﬀerent magniﬁcations and diﬀerent
regions, (d) and (e) are images of Pt/SiC–NS and Pt/SiC–SPR respectively.
15512 | J. Mater. Chem. A, 2013, 1, 15509–15516 This journal is ª The Royal Society of Chemistry 2013
Journal of Materials Chemistry A Paper
Pu
bl
ish
ed
 o
n 
16
 O
ct
ob
er
 2
01
3.
 D
ow
nl
oa
de
d 
by
 S
yd
da
ns
k 
U
ni
ve
rs
ite
tsb
ib
lio
te
k 
on
 2
8/
11
/2
01
3 
12
:4
8:
18
. 
View Article Online
Results and discussion
Catalyst characterization
The XRD patterns of the diﬀerent Pt/SiC catalysts shown in
Fig. 1 display the peaks corresponding to SiC and Pt. The peaks
at 2q ¼ 35.6, 41.3, 60.0, 71.7 and 75.4 correspond to
diﬀraction from SiC (111), (200), (220), (311) and (222) planes
respectively, while the peaks at 39.7, 46.2 and 67.5 appear
due to the diﬀraction from (111), (200), and (220) planes of Pt.
The average Pt crystallite size was estimated by the Scherrer
formula using the full width at half maximum (FWHM) of the
peak at 39.7. The calculation of the Pt crystallite size using the
Scherrer formula gives values of 3.7 nm, 5 nm and 5.8 nm for
SiC–NS (nano-porous), SiC–SPR (nanocrystals) and SiC–SMS
(micro-porous) respectively.
Fig. 2 and 3 show respectively the SEM and TEM images of
Pt/SiC catalysts synthesized upon diﬀerent SiC based supports.
Pt nanoparticles appear light grey to white in contrast to the
darker SiC particles in SEM images while Pt nanoparticles
appear darker in TEM images compared to SiC. The SiC
substrates have been masked by the Pt particles. The size of the
Pt nanoparticles in the samples SiC–SMS and SiC–SPR is in the
range of 3–8 nm while for SiC–NS the size range is 3–5 nm. The
calculation of the average size of samples (based upon TEM
images) gives the average values of 3.9 2.3, 5.5 2.6 and 7.0
2.0 nm for SiC–NS, SiC–SMS and SiC–SPR respectively. The
histograms of particle size distribution are given in Fig. S2,
ESI.† The comparison of the respective SEM and TEM images
(especially Pt/SiC–SMS with Pt/SiC–NS and Pt/SiC–SPR) indi-
cates that the Pt is distributed evenly over the supports irre-
spective of the diﬀerences in the size of support particles.
The detailed characterization of Pt/SiC–NS and Pt/SiC–SPR
was reported previously.16 The XPS analysis of Pt/SiC–SMS is
given in the ESI.†
Electrochemical characterization
Peak deconvolution in the hydrogen desorption curves. The
cyclic voltammograms of Pt/SiC consist of diﬀerent signals,
which provide information about diﬀerent electrochemical
processes such as hydrogen adsorption/desorption, platinum
oxide formation and stripping and double layer charging. The
adsorption and desorption regions are generally composed of
two distinct peaks corresponding to Pt (100) (at a potential of
0.28 V vs. RHE) and to Pt (110) and Pt (111) facets (at a potential
of 0.12 V vs. RHE) of the Pt crystal. A third anodic peak has also
Fig. 4 Peak deconvolution of the cyclic voltammograms of diﬀerent samples in
the H desorption region. The Pt loading on electrodes is 30 mg cm2 for BASF and
120 mg cm2 for SiC based catalyst samples.
Table 2 Ratio of Pt (110 and111) peak to Pt (100) peak (based upon area
integrations of Fig. 4)
Sample name Ratio of Pt(110 and 111) to Pt(100) peaks
Pt/SiC–NS 3.54
Pt/SiC–SMS 2.20
Pt/SiC–SPR 2.02
BASF 1.37
Table 3 Surface activity (SA) and mass activity (MA) of the SiC based catalysts in
comparison with commercially available BASF
Sample name
Pt loading
(%)
ECSAa
(m2 g1)
SA
(mA cm2)
MAb
(A mg1)
BASF 20 62.2 0.29 0.18
Pt/SiC–SMS 20 38.6 0.25 0.12
Pt/SiC–NS 20 49.7 0.36 0.18
Pt/SiC–SPR 20 39.2 0.28 0.14
a ECSA has been calculated by dividing ESA by the Pt electrode loading.
b MA has been calculated by dividing the kinetic current by Pt electrode
loading.
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been observed to occur between these two peaks because of the
oxidation of the sub-surface hydrogen.29
The sequence of electrochemical activity in HClO4 shows the
following trend Pt (110) > Pt (111) > Pt (100).30 Fig. 4 shows the
peak deconvolution of the CVs of diﬀerent samples in the H
desorption region. Deconvolution of the desorption region
curve is done by tting the peaks as Gaussians using OriginPro
8.5. Table 2 shows the ratio of the Pt (110 and 111) peaks to the
Fig. 5 (a–d) The anodic sweeps of ORR voltammograms of diﬀerent catalysts in 0.5 M HClO4 in the 0.4–1.2 V vs. RHE at a scan rate of 50 mV s
1, (a) Pt/SiC–SMS, (b) Pt/
SiC–NS (c) Pt/SiC–SPR and (d) BASF at diﬀerent rotating speeds of RDE. The Koutecky–Levich plots used to calculate the kinetic currents are given in (e) while (f) shows
the linear sweep voltammograms for all electrocatalysts in O2 saturated 0.5 M HClO4; 0.05 V s
1, 1600 rpm.
15514 | J. Mater. Chem. A, 2013, 1, 15509–15516 This journal is ª The Royal Society of Chemistry 2013
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Pt (100) peak. The ratios of the peaks have been calculated from
the H desorption curves for the diﬀerent samples (shown in
Fig. 4). It is clear from Fig. 4 and Table 2 that SiC based samples
have higher contribution from the Pt (110) and Pt (111) facets in
comparison with the platinized carbon based commercial
sample BASF in the HClO4 electrolyte.
The ECSA values for diﬀerent SiC based catalysts in
comparison with commercial BASF are shown in Table 3 (also
reported in our earlier work16). The ECSA values do not reect
the Pt particle sizes. It is well known that on Pt/C (Vulcan), some
Pt particles are not accessible for electrochemical reactions. We
believe that the above mentioned inconsistency is caused by a
similar eﬀect.
Oxygen reduction reaction. Fig. 5 gives the anodic sweeps of
the ORR voltammograms (a–d) at diﬀerent rotating speeds of
RDE, Koutecky–Levich (e) and linear sweep voltammograms (f)
for three SiC based catalysts and one carbon based catalyst
(BASF). The ordinate shows the current densities (the current
divided by the geometric area of the electrode). The hydrogen
adsorption/desorption polarization curves are subtracted from
the ORR curves. The ORR sweep starts from the higher potential
and undergoes a sharp inclination around 0.8 V vs. RHE which is
due to oxygen stripping from Pt. The reduction current increases
until it reaches the limiting current (the maximum attainable
current). Below 0.2 V (vs. RHE), the current is decreased because
of the blockage of Pt sites due to hydrogen adsorption.
Kinetic currents have been calculated using eqn (3) by
extrapolating the reciprocal current (shown in Fig. 5(e)) to the
zero onu1/2 axes (innite rotation); the intercept at the y-axis is
the kinetic current while the slope of the extrapolated line is
used to nd the number of electrons transferred per oxygen
molecule on the catalyst. All the SiC based samples show similar
or higher SA than BASF while the mass activity (MA, see Table 3)
of Pt/SiC–NS is the same as the BASF and less for the other
two samples. Similar values of MA and SA were reported for
20 wtPt% Pt/C by Gasteiger et al.18 The number of electrons
transferred at 0.9 V (vs. RHE) as calculated for all tested samples
are 3.7, 3.7, 3.8 and 3.9 for BASF, Pt/SiC–SMS, Pt/SiC–NS and
Pt/SiC–SPR respectively. Thus it conrms the 4 e pathway for
the ORR for all the catalysts. Fig. 5(f) and S2† show a signicant
shi in the ORR onset for Pt/SiC compared to the commercial
Pt/C (BASF). The Tafel plots for all the tested samples are shown
in Fig. S4 (ESI).† As a whole, the slopes of the SiC based catalysts
are similar to the BASF, indicating similar reaction kinetics for
ORR.
Methanol oxidation reactions (MOR). The cyclic voltammo-
gram curves for methanol oxidation (MOR) of three SiC based
catalysts and one carbon based commercial catalyst (BASF) are
shown in Fig. 6. The methanol oxidation cyclic voltammograms
shown in the present work are the rst ever reported for SiC
based Pt electrocatalysts. Apart from the slight changes in the
shapes and positions, the CVs of SiC based catalysts look
similar to the voltammograms of carbon based catalysts as
compared here (for BASF) and also reported in the litera-
ture.20,31,32 The methanol oxidation starts around the same
potential for all the tested samples (including BASF). The onset
potential for MOR is around 0.6 V vs. RHE. The shape of the
MOR peak (from 0.6–1.1 V vs. RHE) for all the catalysts is similar
with a small diﬀerence in BASF where it is slightly tilted towards
the lower potential. The peak in the backward scan for SiC
based catalysts shows more “sharpness” in comparison with
Vulcan based BASF. The current density shown in Fig. 6 is
obtained by dividing the current by the electrochemical real
surface area (ERS) (the product of ESA and the amount of Pt
used on the electrode). Table 4 gives the mass specic activity
and surface specic activity of the diﬀerent samples. All the SiC
based catalysts have signicantly higher SSA than the BASF,
while SiC–NS and BASF have comparable values of MSA. The
higher value of MSA for BASF is because of the higher value of
ESA due to the better catalyst utilization. Thus, from Table 4, we
can conclude that based upon SSA, SiC based catalysts are better
than the commercially available catalyst (BASF) for methanol
oxidation reactions.
Conclusions
In the present study, we have investigated the electrochemical
behavior of SiC based catalysts and compared it with the
commercially available Vulcan based catalyst BASF. We have
studied the oxygen reduction reaction and methanol oxidation
Fig. 6 Cyclic voltammograms of diﬀerent Pt/SiC and BASF catalysts in 0.5 M
CH3OH at 10 mV s
1.
Table 4 Mass speciﬁc activity and surface speciﬁc activity of the SiC based
catalysts in comparison with commercially available Pt/C (BASF) for methanol
oxidation reaction
Sample
name
Mass specic activity (MSA)
(C mg1Pt)
Surface specic activitya (SSA)
(mC cm2)
SiC–NS 6.80 16.9
SiC–SPR 4.82 16.9
SiC–SMS 4.50 12.5
BASF 6.96 11.1
a SSA has been calculated by dividing QM (the charge required for the
oxidation of methanol) by ERS.
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along with the deconvolution of H desorption peaks of the CV
curves. The comparison of the deconvoluted H desorption
peaks of Pt/SiC to Pt/C is being reported for the rst time. We
observed higher contribution of the Pt(110 and 111) signal than
Pt(100) in the case of diﬀerent SiC based catalysts in compar-
ison with BASF. The electrochemical activity is higher for the
Pt(110) and Pt(111) than for Pt(100) in HClO4. The surface
activity of the SiC based catalysts is found to be higher for one
sample while comparable for others and the mass activity is
found to be comparable for one while smaller for others.
Overall, the reaction kinetics for all the tested samples
including BASF are found to be similar. Themethanol oxidation
behaviour of SiC based catalysts has also been reported for the
rst time and the results obtained are similar to the ORR
results. The surface specic activity of SiC based catalysts is
higher than the BASF while the mass specic activity of one SiC
based sample is comparable to BASF and slightly smaller for
others. Thus, the overall conclusion of the electrochemical
studies shows SiC based catalysts as better than or equally
competent to BASF.
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a b s t r a c t
Commercially available graphitized carbon nanofibers and multi-walled carbon nanotubes,
two carbon materials with very different structure, have been functionalized in a nitric
esulfuric acid mixture. Further on, the materials have been platinized by a microwave
assisted polyol method. The relative degree of graphitization has been estimated by means
of Raman spectroscopy and X-ray diffraction while the relative concentration of oxygen
containing groups has been estimated by X-ray photoelectron spectroscopy, which resulted
in a graphitic character trend: Pt/GNF > Pt/F-GNF\ Pt/MWCNT > Pt/F-MWCNT. Trans-
mission electronmicroscopy showed that the Pt particle size is around 3 nm for all samples,
which was similar to the crystallite size obtained by X-ray diffraction. The activity towards
electrochemical reduction of oxygen has been quantified using the thin-film rotating disk
electrode,whichhas shown that all the samples have a better activity than the commercially
available electrocatalysts. The trend obtained for the graphitic character maintained for the
electrochemical activity, while the reverse trend has been obtained for the accelerated
ageing test. Long-term potential cycling has demonstrated that the functionalization im-
proves the stability for multi-walled carbon nanotubes, at the cost of decreased activity.
Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
Introduction
Fuel cells represent one of the solutions for supplying clean
energy with high efficiencies. Proton exchange membrane
fuel cells (PEMFCs) are one of the multiple types of such de-
vices. This type of fuel cells can function at low temperatures
(approx. 80 C) with a low start-up time, modularity and high
efficiency. PEMFCs are considered a viable solution for auto-
motive industry andmobile applications, if the cost perwatt is
* Corresponding author. Tel.: þ45 65508671.
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E-mail addresses: ses@kbm.sdu.dk, stamatinserban@gmail.com (S.N. Stamatin), maryam.borghei@aalto.fi (M. Borghei).
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0360-3199/Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
significantly reduced. One of the main obstacles in commer-
cialization of PEMFC is represented by the sluggish kinetics of
oxygen reduction reaction (ORR) at the cathode, which re-
quires high Pt loadings, approx. 0.2 mg cm2 [1]. Increasing Pt
activity represents a research avenue due to its use in
different energy conversion applications. Several strategies
have been used to decrease the cost associated with Pt from
morphology tailoring [2,3] to alloying [4,5] and finally to
entirely replacing Pt by non-precious metal catalysts [6e8].
Recently, increasing attention has been given to the electro-
catalyst support due to the degradation mechanisms associ-
ated with carbon corrosion.
Taking into consideration that the electrocatalytic reduc-
tion of oxygen is a surface process [9], one should increase the
Pt surface area by decreasing the Pt particle size and increase
the particle dispersion by using a high surface area support.
Currently, the state of the art fuel cell electrocatalyst is rep-
resented by high surface area active carbon particles
(20e50 nm) decorated with Pt in nanoparticle size (2e3 nm).
This electrode architecture results in large density electro-
catalytic active sites. From the thermodynamic point of view,
carbon is known to undergo electrochemical oxidation above
its equilibrium potential, 0.207 VRHE [10]. Even though no CO2
is produced at these low potentials, carbon is prone to elec-
trochemical corrosion at higher potentials, especially during
start upeshutdown [11], when potential spikes can reach 1.5 V
[12]. Moreover, the presence of Pt increases the extent of
carbon corrosionwhich results in an accelerated performance
loss [13]. Within this context, different carbon nanostructures
have been tailored in order to meet the demands of a suitable
electrocatalyst support. Graphenes [14], carbon nanotubes
[15e17] and carbon nanofibers [18,19] have been used as
electrocatalyst support. Highly crystalline carbons are
believed to be superior to the commercially available carbon
black due to their chemical stability, mechanical strength and
their property as high current carriers [20e23]. Although car-
bon nanotubes and fibers have been used as electrocatalyst
support there are still some problems which have not been
addressed.
Pristine carbon nanotubes and fibers are chemically inert
hence there are less anchor points for particle deposition. In
order to have a reasonable Pt dispersion on the carbon sup-
port, functionalization of the carbon support is needed prior
platinization. Acid treatment has been used to produce sur-
face oxygen groups and therefore to increase the number of
anchor points [24e26]. Recently, different studies have been
published corroborating the activity or durability with heat
treatment [27], specific surface area [28] and nitrogen doping
[29,30] of the support. Even though acid treatment seems to be
the preferred method for surface functionalization there is no
correlation between the electrochemical activity and dura-
bility with the degree of acid treatment of carbon nanotubes
and nanofibers.
We have previously tested these materials and optimized
them for use in direct methanol fuel cells [31,32]. The present
study focuses on investigating the relation between surface
functionalization and electrochemical activity and durability
of platinized pristine and functionalized carbon nanotubes
and fibers e two carbon supports with very different graphitic
content. The activity towards the electrochemical reduction of
oxygen has been investigated by means of a rotating disk
electrode. It has been found that even though the function-
alization does not improve the activity it has an overall posi-
tive impact on the stability of the catalyst.
Experimental section
Materials
Multi-walled carbon nanotubes (VGCF-X, Showa Denko,
Japan) and carbon nanofibers (VGCF, Showa Denko, Japan)
were used as starting support materials. The properties as
provided by the supplier for these two materials can be found
in Table A1. Nitric acid, sulfuric acid, chloroplatinic acid
hexahydrate, ethylene glycol and sodium hydroxide were
supplied by SigmaeAldrich and used without further purifi-
cation. Ultrapure water (18.2 MU, Millipore) and perchloric
acid (HClO4, TraceSELECT
, SigmaeAldrich) were used for the
electrochemical characterization without any further
purification.
Functionalization and platinization
Both carbon supports were subjected to acid treatment in
order to induce surface functionalization. Finally, surface
functionalization occurred in a 1:1 mixture of 2 M HNO3/1 M
H2SO4 under refluxing condition. Carbon nanofibers were
treated for 6 h while the multi-walled carbon nanotubes were
treated for 4 h. It has been observed that 4 h are not enough for
the carbon nanofibers due to their highly graphitized char-
acter obtained via annealing at 2800 C. The microwave
assisted polyol synthesis has been previously reported.
Briefly, 120 mg of carbon support material was mixed with
45 ml ethylene glycol in an ultrasound bath for half an hour.
An amount of chloroplatinic acid dissolved in 10 ml ethylene
glycol, corresponding to 20 wt.% Pt, has been added dropwise
to the carbon support/ethylene glycol solution and magnetic
stirred for 15 min followed by 15 min of ultrasonication. 0.4 M
NaOH has been added dropwise to the final mixture until the
pH reached 11, followed by 15 min of magnetic stirring.
Finally, the dispersion was heated for 60 s at 800 W by mi-
crowave irradiation in order to reduce the Pt (IV) species
[33,34]. The obtained solution was filtered and rinsed with
ultrapure water and finally vacuum dried at 40 C overnight.
Platinized carbon nanofibers and multi-walled carbon nano-
tubes were denoted as Pt/GNF and Pt/MWCNT, respectively.
Platinum supported on functionalized carbon nanofibers and
multi-walled carbon nanotubes were denoted as Pt/F-GNF and
Pt/F-MWCNT, respectively.
Structural characterization
A Raman spectrophotometer (Senterra, BRUKER) equipped
with two laser wavelengths at 532.1 nm and 785 nm was used
to determine the graphitization degree. Siemens D-5000 X-ray
diffractometer with a Cu Ka (1.5418 A) was employed in
determining the structure of the carbon support and Pt crys-
tallite size. Spectra were recorded in the range 2q ¼ 20e85
with a 0.02 s1 step and 10 s dwelling time. Al Ka (1486.1 eV)
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 8 2 1 5e8 2 2 48216
was used as a radiation source for the X-ray photoelectron
spectroscopy (XPS) by means of a SPECS PHOIBOS 100 sys-
tem. Each spectrum was recorded for kinetic energies from
200 to 1500 eV at a resolution of 2.5 eV and analyzed with
CasaXPS. Thermo-gravimetric analysis (TGA) was done in a
Pt furnace connected to Netzsch STA-449-F3. All the samples
were heated from 50 to 800 C at 20 C min1 with a gas
mixture formed of oxygen supplied at 10 mL min1 and ni-
trogen at 40 mL min1. Transmission electron microscopy
(TEM) was carried out at 120 kVwith a Tecnai 12 Bio Twinwith
LaB6 gun.
Electrochemical characterization
A rotating disk electrode (RDE, Pine Instruments) with a glassy
carbonelectrode (GCE) insert andanareaof 0.196cm2wasused
as working electrode and connected to Zahner IM6-Ex
potentiostat controlled by Thales (Zahner). A dynamic
hydrogen electrode (HydroFlex, Gaskatel) was used as a
reference electrode while a Pt wire with approx. 40 windings
encapsulated ina glass tubewithaceramic fritwas thecounter
electrode.All thepotentials are listedvs. RHE.A total volumeof
200 ml 0.1 M HClO4 electrolyte was prepared with ultrapure
water. The catalyst was ultrasonicated (Bandelin SONOREX)
for 1 h in 5 ml of 1:1 vol:vol ultrapure water/isopropanol. The
best electrode was achieved by drop coating 10 ml of ink
(0.10 mgPt cm
3) for Pt/MWCNT and Pt/F-MWCNT and 20 ml of
ink (0.10mgPt cm
3) for Pt/GNF and Pt/F-GNF. This resulted in a
Pt electrode loading of 10 mgPt cm
2 for Pt/MWCNT and Pt/F-
MWCNT and 20 mgPt cm
2 for Pt/GNF and Pt/F-GNF.
All the measurements were iR corrected until the electro-
lyte resistance was less than 2 U and performed in the
0.05e1.3 V range with a sweep rate of 0.05 V s1 and 0.002 V
resolution. The charge associated with hydrogen desorption
was calculated by integrating the 0.05e0.4 V anodic region
with subtraction of the double layer charge capacitance froma
CV obtained in Ar saturated electrolyte. The electrochemical
surface area (ESA) was estimated by dividing the charge
associated with the hydrogen desorption to 210 mC cm2.
Further on, ESA was divided by the Pt electrode mass in order
to obtain the specific electrochemical surface area (ECSA). The
kinetic current was obtained from O2 saturated electrolyte
using the well-known methodology [35,36]. Accelerated
ageing test (AAT) was performed in Ar saturated electrolyte in
the 0.05e1.3 V range with a sweeping rate of 0.2 V s1 and
0.0125 V resolution for 5000 cycles. For this particular type of
experiments a Pine Instruments potentiostat has been used.
Results and discussion
Physicochemical properties
X-ray diffractograms for Pt/GNF and Pt/F-GNF are shown in
Fig. 1A. The dominant lines in these spectra are associated
with the graphitic carbon peaks (ICDD PDF: 00-0041-1487),
located at approx. 26 which is attributed to the (002) crystal-
lographic plane. In addition to this, the reflection from C (004)
is present at approx. 55. Pt (ICDD PDF 00-004-0802) is present
in the XRD diffractogram from Fig. 1A with its reflection at
2q ¼ 39.6, 45.9, 67.6 and 81.7 which is assigned to the Pt
(111), Pt (200), Pt (220) and Pt (311), respectively. Analogous
peak positions are seen in the XRD diffractograms for plati-
nized Pt/MWCNT and Pt/F-MWCNT shown in Fig. 1B. Pt crys-
tallite size was determined using Scherrer formula from the Pt
(111) peak resulting in a crystallite size of 3.1 nm for Pt/GNF,
2.9 nm for Pt/F-GNF, 2.9 nm for Pt/MWCNT and 2.6 nm for Pt/F-
MWCNT. The characteristic carbon peak at 26 is sharp when
compared to the peaks attributed to Pt, for Pt/GNF and Pt/F-
GNF. In addition to this, the peak height can be related to
the crystallinitywhich is smaller for Pt/F-GNF compared to the
Pt/GNF. These preliminary findings are indicating that the
functionalization procedure modified the carbon support
structure. The d spacing for Pt/F-GNF has been estimated to be
0.3416 nm while for pristine Pt/GNF it was estimated to
0.3391 nm. Even though, the peak positions are the same for
all the samples, it can be easily seen that the multi-walled
carbon nanotube based samples exhibit carbon peaks which
are less intense compared to the Pt peaks. This is suggesting
that the multi-walled carbon nanotubes are less crystalline
than the graphitized nanofibers which is confirmed by the
disappearance of the C (004) peak.
C (002) has been reported to have a small shoulder towards
smaller angles which is assigned to an overlapping peak
assigned to a more disordered carbon structure [37,38]. The
area ratio between these two peaks is a versatile tool for
determining the graphitic content which will shed some light
on the impact of the functionalization procedure. In order to
do this, the C (002) peak has been deconvoluted using two
Gaussian functions (Fig. A1). Unfortunately, these methods
Fig. 1 e XRD patterns of the Pt/GNF and Pt/F-GNF in A, Pt/
MWCNT and Pt/F-MWCNT in B.
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cannot be applied for Pt/MWCNT and Pt/F-MWCNT due to the
unresolved C (002) peak.
The graphitization degree can be determined using the
following formula [39]:
ðGÞ ¼ 0:344 d002
0:344 0:3354 (1)
where 0.344 nm is the d spacing for turbostratic carbon and
0.3354 nm is the d spacing for completely graphitized carbon.
This means that for a turbostratic carbon, (G) should be 0%,
while for a completely graphitic carbon should be 100%. The
graphitization degree for Pt/GNF and Pt/F-GNF has been esti-
mated to be 57% and 28%, respectively. The acid treatment
which has been done for Pt/F-GNF has introduced a large
amount of defects in its structure which gave in turn a lower
degree of graphitization. Deconvoluting the C (002) peak re-
sults in a sharp peak centered at 2q ¼ 26.02 and a broad peak
situated at 2q ¼ 25.22 (Fig. A1). A sharp peak is characteristic
for a crystalline material and it has been attributed to be a
graphitic contribution while a broad peak is characteristic for
a disordered structure. The area ratio of these two peaks has
been found to be 2 for Pt/F-GNF while for Pt/GNF it is 11. This
difference can also be observed qualitatively because Pt/F-
GNF (Fig. A1) has a more asymmetric C (002) peak compared
to Pt/GNF (Fig. A1). The values for Pt/GNF are in accordance
with previous reports on pristine carbon nanofibers graphi-
tized at 2800 C [37]. Moreover, C (004) is present as a clear
feature in the Pt/GNF diffractogram while for Pt/F-GNF it is
diminished, which means that the carbon support for Pt/GNF
is more crystalline than for Pt/F-GNF.
Fig. 2A shows the first order Raman spectrum for Pt/GNF
and Pt/F-GNF which is formed of a D (disordered) band situ-
ated at approx. 1350 cm1 and the G (graphitic) band at
1580 cm1. A small shoulder is situated at 1620 cm1 in G
band’s proximity and it is attributed to the D0 band (Fig. A2).
However, there is a difference between the provenience of
these two bands D and D0. The D band is a result of the inter-
valley double resonance elastic phonon scattering and close to
the K point in the Brillouin zone while the D0 band comes from
the intra-valley double resonance phonon scattering around
the G point in the Brillouin zone [40]. D and D0 are more pro-
nounced for Pt/F-GNF than for Pt/GNF where the peak is more
symmetric (Fig. 2 and Fig. A2), therefore there is a higher de-
gree of disorder in Pt/F-GNF than in Pt/GNF. The ratio between
ID and IG is an indicator of the graphitization order in different
carbon based samples. Pt/F-GNF has an ID/IG of 0.26 while Pt/
GNF has 0.24, which is a confirmation of the more graphitic
character of Pt/GNF as discussed in the XRD section. The dif-
ferences in the graphitization order obtained by Raman
spectroscopy are much more subtle than the graphitization
degree obtained by XRD. However, one should bear in mind
that the C (002) peak from the XRD diffractogram reflects a
contribution from a highly crystalline phase and a disordered
phase. In regard to the known duplex structure of the nano-
fiber [38], the crystalline phase can be assigned to the inner
structure while the disordered phase is attributed to a relative
amorphous carbon outer layer. The functionalization process
is affecting only the outer layer of the nanofiber which results
in a large difference in XRD. Raman spectroscopy does not
take into consideration this duplex structure, therefore it
yields an overall smaller difference between Pt/GNF and Pt/F-
GNF.
The Raman spectra for the platinized Pt/MWCNT and Pt/F-
MWCNT are shown in Fig. 2B. They feature the same charac-
teristics as for the Pt/GNF and Pt/F-GNF with a D band around
1310 cm1 and a G band around 1580 cm1. The D band for
both Pt/MWCNT samples is shifted towards smaller wave-
numbers due to its known dispersive character [41,42]. The ID/
IG ratio for the Pt/MWCNT is 1.38 while for Pt/F-MWCNT is
1.45. Similarly to Pt/GNF, the functionalization process gave
rise to a more disordered carbon structure. However, this was
expected because the functionalization process creates cova-
lent bonds which destroy the sp2 structure [43].
The results obtained from the XRD and Raman spectros-
copy have revealed that the functionalization procedure is
introducing a large number of defects in the structure. The
XRD characterization revealed that the support in Pt/GNF is
more graphitic than the support for Pt/F-GNF, which has been
supported by the Raman spectroscopy findings. Even though,
the XRD has not been as descriptive for the nanotube based
samples as it was for nanofibers, it revealed that the supports
in Pt/GNF and Pt/F-GNF are more graphitic than the supports
in Pt/MWCNT and Pt/F-MWCNT. However, Raman spectros-
copy showed that the support for Pt/MWCNT ismore graphitic
than the support in Pt/F-MWCNT, therefore it is safe to
conclude that the graphitic character of the supports is
following the trend:
Pt=GNF > Pt=F GNF\Pt=MWCNT > Pt=FMWCNT (2)
Fig. 2 e Raman spectra of Pt/GNF and Pt/F-GNF in A and Pt/
MWCNT and Pt/F-MWCNT in B.
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The XPS survey spectrum for platinized Pt/GNF, Pt/F-GNF,
Pt/MWCNT and Pt/F-MWCNT is shown in Fig. A3. Even
though the peak positions are similar for all the samples, the
intensities are different especially for the Pt peaks. XPS mea-
surements are surface sensitive with no connection to bulk
concentrations. Pt/MWCNT and Pt/F-MWCNT are more
porous comparing to Pt/GNF and Pt/F-GNF which makes it
possible for the Pt nanoparticles to sit in these pores. This is
why the doublet assigned to Pt 4f at 75 eV is more pronounced
for Pt/GNF and Pt/F-GNF compared to Pt/MWCNT and Pt/F-
MWCNT. The presence of oxygen is confirmed by the pres-
ence of the O 1s peak at around 560 eV.
Deconvolution of the C 1s peak situated around 285 eVwith
a pronounced tail towards larger binding energy value is a
good method to estimate the concentration of different oxy-
gen containing groups. This peak carries the contribution of a
graphitic structure at 284.5 eV, with a shoulder around
285.2 eV which is attributed to the defects associated with the
sp3 hybridization of carbon [44]. The intensity ratio of these
two peaks gives an estimation of the graphitization degree as
it was previously showed [45]. The next three peaks, situated
at 286.3, 287.8 and 289.8 eV  0.2 eV are corresponding to the
binding energies of one atom carbon linked to one, two and
three bonds to oxygen atoms. The last peak situated at
291.5 eV is assigned to the pep* transitions [46]. The decon-
volution of the C 1s peak for all the samples is shown in Fig. A4
while peak assignments and ratios are shown in Table 1. Even
though the values for Pt/GNF and Pt/F-GNF are comparable to
Pt/MWCNT and Pt/F-MWCNT they cannot be compared in
terms of bulk concentrations. We have assumed the same
peak shape of graphitic carbon for all the peaks and have
disregarded the possibility of the oxidizing acid residues to be
present on the surface. Due to these reasons the data should
be consulted only qualitatively. No nitrogen peaks were
observed in the XPS spectrum (Fig. A3).
The functionalization of both pristine Pt/GNF and Pt/
MWCNT increases the sp3 hybridization. The total concen-
trations of oxygen containing groups is increasing for the
functionalized samples, even though there is no clear trend to
determine which oxygen containing group is increasing with
the functionalization. For Pt/F-GNF the concentration of car-
bons linked to one oxygen atom is decreasing while the other
oxygen containing groups are increasing. For Pt/F-MWCNT
this is not the case, because the concentration of carbons
linked to one oxygen atom is increasing while the other two
are decreasing. This is a clear indication that due to the dif-
ference in crystallinity, surface property and morphology
graphitized carbon nanofibers and multi-walled carbon
nanotubes prefer different functional groups. The overall ef-
fect is the increase in the oxygen containing groups which
follows the inverse trend as the increase in the graphitic
character as mentioned in Eq. (2). This trend was expected
considering the fact that a decrease in graphitic content can
be interpreted as an increase in number of active sites [24].
The Pt content as obtained from the TGA (Fig. A5) is shown
in Table 1. Even though there is no major difference between
the pristine and functionalized samples there is a small dif-
ference between the graphitized carbon nanofibers and the
multi-walled carbon nanotubes. Pt/GNF and Pt/F-GNF are
starting to decompose at a higher temperature (510 C), prob-
ably because these materials have a larger degree of graphi-
tized carbon compared to Pt/MWCNT and Pt/F-MWCNT
(430 C). The lower Pt content for Pt/GNF may be attributed to
the smallernumberof anchoringpoints compared to Pt/F-GNF.
Fig. 3 displays representative TEM images of Pt/GNF, Pt/F-
GNF, Pt/MWCNT and Pt/F-MWCNT with the associated Pt
particle histograms. High magnification and low magnifica-
tion TEM images (Fig. 3 and Fig. A6) do not show any changes
in the carbon structure which can be related to the function-
alization process. However, Pt was better dispersed on the
multi-walled nanotube based samples than on the nanofiber
based samples (Fig. A6), due to almost 20 times higher surface
area than the nanofiber based samples (Table A1). The Pt
particles were distributed outside the carbon nanotube and
there was no evidence of Pt particles located inside the
nanotube structure as it was observed by Hasche´ [17]. Fig. 3(C)
and (D) shows the TEM images for Pt/MWCNT and Pt/F-
MWCNT from which it can be observed that the number of
Pt particle aggregates is smaller for Pt/F-MWCNT, moreover
the size of the aggregates is smaller, thus Pt/F-MWCNT pre-
sents a lower degree of Pt agglomeration in comparison to Pt/
MWCNT. There is no significant difference between the dis-
tribution of Pt particles on the pristine and functionalized
carbon nanofibers. The average Pt particle size was
3.2 1.1 nm for Pt/GNF and 3.0 1.0 nm for Pt/F-GNF,while for
Pt/MWCNT and Pt/F-MWCNT 3.1  0.8 nm and 3.0  0.9 nm
were obtained, respectively. The histograms were obtained
from several TEM pictures until approx. 200 Pt particles were
counted. These values are in accordance with the crystallite
size resulted from the XRD data. The obtained Pt catalyst of
about 3 nm for all the samples confirms the control of the
nanoparticle size during synthesis, minimizing the effect of Pt
particle size on the ORR activity [47] and allowing to relate the
difference in the electrochemical performance with the sup-
port structure.
Electrochemical characterization
Cyclic voltammograms (CVs) recorded at room temperature
are shown in Fig. A7. The CV exhibits all the Pt features in
Table 1 e Carbon disorder/graphitic ratio as obtained
from Raman, surface concentration of oxygen containing
groups as obtained from XPS and Pt loading as obtained
from TGA.
ID/IG
a eCeOeb
(%)
eC]Oeb
(%)
eCOOeb
(%)
Total
OCGb,c
(%)
Pt
loadingd
(%)
Pt/GNF 0.24 12.79 3.76 3.24 19.79 15.15
Pt/F-GNF 0.26 12.33 4.9 3.91 21.14 20.55
Pt/
MWCNT
1.38 11.24 6.19 5.38 22.81 17.1
Pt/F-
MWCNT
1.45 12.47 5.87 5.37 23.71 18.28
a The ratio between disordered intensity and graphitic intensity
obtained from the first-order Raman.
b Surface concentration obtained from the deconvolution of the C
1s peak by dividing the area under each peak to the total peak area.
c Oxygen containing groups.
d As determined from TGA.
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acidic electrolyte with two distinctive regions. The region
situated at lower overpotentials, between 0.05 and 0.4 V, is
characteristic for the hydrogen adsorption in the cathodic
sweep and hydrogen desorption in the anodic sweep. At larger
potentials, between 0.5 and 1.3 V, the Pt oxide is formed in the
anodic sweep and reduced in the cathodic sweep. It can be
easily seen that the double layer charge is larger for Pt/
MWCNT and Pt/F-MWCNT due to a higher specific surface
area (Table A1). The carbon supports in Pt/GNF and Pt/F-GNF
are constituted of highly ordered carbon and have a small
double layer charge which is characteristic for highly crys-
talline graphitized nanofibers. The hydrogen adsorption/
desorption region is very similar for all the samples which
implies that there is no preferential growth of Pt nanoparticles
terminated in specific crystallographic planes [48].
The ECSA obtained for all the samples summarized in Fig. 4
for Pt/GNF (44 m2 g1), Pt/F-GNF (42 m2 g1), Pt/MWCNT
(61 m2 g1) and Pt/F-MWCNT (50 m2 g1) is similar between
functionalized and pristine samples. Taking into consider-
ation the Pt particle size estimated from the TEM and the Pt
density of 21.45 g cm3 then it is straightforward to determine
the usage of Pt surface, by dividing the total theoretical Pt
surface to the obtained ESA. Pt/GNF and Pt/F-GNF had 40% and
36%, respectively, while Pt/MWCNT and Pt/F-MWCNT had
54% and 43%, respectively.
The KouteckyeLevich plots at 0.9 V are shown in Fig. A8
which depict that the predominant reaction is ORR which
involves a total number of approx. 4 e for all the samples. The
kinetic current can be obtained from the intercept on the y-
axis. The specific activity (SA) was obtained by dividing the
kinetic current to the estimated ESA. The SA obtained for Pt/
GNF and Pt/F-GNF was 666 mA cmreal
2 and 652 mA cmreal
2 ,
respectively. Both samples have an overall 2.5 fold increase in
SA compared to the previous reports on commercial available
catalyst Pt/C 20 wt.% (ETEK; 260 mA cmreal
2 ) [49]. This large in-
crease is due to the fact that the electrode was cleaned for 150
cycles in order to obtain a clean Pt CV, decreasing the ESA as
shown in Fig. 6. In the first cycles the ECSA for both Pt/GNF and
Pt/F-GNF is approx. 60 m2 g1. However, cleaning of the elec-
trode is required in order to obtain a correct kinetic activity.
The mass activity (MA) has been determined by dividing the
kinetic current to the Pt electrode loading and it is shown in
Fig. 4. The MA for Pt/GNF is 284 A gPt
1 while for PT/F-GNF it
exhibits a small decrease, 278 A gPt
1 which is 50% larger than
Fig. 3 e TEM images with particle size histogram of Pt/GNF (A), Pt/F-GNF (B), Pt/MWCNT (C) and Pt/F-MWCNT (D). The scale
bar is 50 nm for all the images.
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the previous reported Pt/C 20 wt.% [49] (190 A gPt
1). Pt/MWCNT
shows a decrease in both SA and an increase in MA compared
to Pt/F-MWCNT. SA decreases from 452 mA cmreal
2 for Pt/F-
MWCNT to 384 mA cmreal
2 for Pt/MWCNT, both having a 1.5
fold improvement when compared to the commercial sample
[49]. The small difference in SA between Pt/F-MWCNT and Pt/
MWCNT is an artefact from the smaller ECSA obtained for Pt/
F-MWCNT. TheMA decreases from 235 A gPt
1 for Pt/MWCNT to
218 A mgPt
1 for Pt/F-MWCNT, which shows a slight improve-
ment in the MA of the commercial catalyst [49]. Both Pt/
MWCNT and Pt/F-MWCNT SA’s and MA’s have shown an in-
crease of 40% or more compared to another similar material
[17]. Given that the SA can be related to the number of active
sites available for ORR per Pt area unit, it is interesting to
observe that the trend shown in Eq. (2) is maintaining in this
case as well.
The activity towards the electrochemical reduction of ox-
ygen for all the samples has been investigated in O2 saturated
0.1 M HClO4 at 400, 900, 1600 and 2500 rpm as it can be seen in
Fig. A9. Fig. 5 shows the anodic sweeps in O2 saturated elec-
trolyte with subtraction of the signal recorded in Ar saturated
electrolyte obtained at 1600 rpm. The current at 0.4 V which is
diffusion limited has a theoretical value of 6 mA cm2 for O2
saturated 0.1 M HClO4 at 1600 rpm with an electrode area of
0.196 cm2 [50], which is in excellent accordance to the one
obtained in this study. This is an indication that the electrodes
with 20 mgPt cm
2 do not affect anymass transport limitations.
There is no clear difference in the onset potential which was
at 0.96 V for all the samples, which is in accordance with
previous reports [51].
A slight difference can be observed between the nanofiber
based samples and nanotube samples. The difference in the
potential at half maximumbetween these two sets of samples
is 40 mV. This is a first indication that the kinetic current
measured at 0.9 V is larger for the nanofiber based samples,
which has been confirmed in terms of SA and MA in Fig. 4.
There is a rather large difference between the nanofiber based
samples and nanotube based samples in terms of mass and
specific activity. Even though they have the same Pt particle
size the nanofiber based samples are showing a 1.5 fold
improvement in the mass activity. Due to the low specific
surface area (Table A1) the Pt nanoparticles for Pt/GNF and Pt/
F-GNF are forced to be stacked. Pt nanoparticle stacking has
been shown to result in an increase in the activity [52]. How-
ever, we believe that this Pt stacking also enhances the
degradation due to the smaller particle interdistance which
boosts the Ostwald ripening process. In this respect, we car-
ried out accelerated ageing tests.
Apart from the activity towards the electrochemical
reduction of oxygen another important factor is the stability
over long cycling periods. The ORR activity depends on the
number of active sites which is a function of ESA. Therefore,
subjecting the electrocatalyst to long-term sweeping and
keeping track of the ESA loss represents a viable way to
determine the stability. Accelerated ageing test (AAT) has
been done in a potential window from 0.05 to 1.3 V for 5000
cycles and the ESA was estimated every 250 cycles. The elec-
trode has been subjected to 100 cycles previous to starting the
AAT.
Both Pt/GNF and Pt/F-GNF show a fast decrease in ESA
retaining only 27% and 23%, respectively, after 5000 cycles as
seen in Fig. 6. This was expected considering that the carbon
support for Pt/GNF and Pt/F-GNF is highly crystalline and has a
low surface area. Pt is located on the surface of these two
samples which makes it fully available for the reaction.
Moreover, due to their high crystallinity Pt probably has less
interaction with the support which in turn gives rise to severe
particle agglomeration. In the first 250 cycles Pt/GNF and Pt/F-
GNF are losing 35% and 40%, respectively, of the initial ESA.
The degradation rate is somewhat slower after 250 cycles but
still steeper than for Pt/MWCNT and Pt/F-MWCNT. Pt/F-
MWCNT has an overall better durability performance,
retaining approx. 58% of the initial ESA compared to 46% for
Pt/MWCNT. The same accelerated degradation is observed in
the first 750 cycles where Pt/MWCNT and Pt/F-MWCNT are
Fig. 4 e Specific electrochemical surface area (ECSA,
m2 gL1), specific activity (SA, mA cmL2) and mass activity
(MA, A gPt
L1) for Pt/GNF, Pt/F-GNF, Pt/MWCNT and Pt/F-
MWCNT.
Fig. 5 e Anodic ORR sweeps of a glassy carbon electrode
(0.196 cmL2) loaded with Pt/GNF (black), Pt/F-GNF (red), Pt/
MWCNT (green) and Pt/F-MWCNT (blue) recorded in O2
saturated 0.1 M HClO4, from 0.05 to 1.3 V at 0.05 V s
L1
sweep rate and 1600 rpm. Pt electrode loading was
20 mgPt cm
L2 for Pt/GNF and Pt/F-GNF, while for Pt/MWCNT
and Pt/F-MWCNT was 10 mgPt cm
L2. (For interpretation of
the references to color in this figure legend, the reader is
referred to the web version of this article.)
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losing 30% and 20%, respectively, of the initial ESA. However,
after 750 cycles Pt/F-MWCNT is showing a lower degradation
rate compared to Pt/MWCNT. This may be caused by the
functionalization procedure. Pt/MWCNT contains some
amorphous carbon covering the surface where the function-
alization procedure probably removed it while inducing the
functionalized groups on the carbon nanotube surface.
Therefore it is possible that the Pt has a stronger interaction
with the carbon support in case of Pt/F-MWCNT in compari-
son to Pt/MWCNT. It can be seen that the most durable Pt
supported electrocatalyst is Pt/F-MWCNT followed by Pt/
MWCNT, Pt/GNF and Pt/F-GNF which is the inverse trend
shown in Eq. (2). This concludes that a more graphitic support
with a lower surface area is causing a faster Pt degradation
than a relativelymore amorphous support. Thismay be due to
the fact that highly graphitized materials are known to have a
lower density of active sites for Pt interaction which makes Pt
“free” giving the possibility of Pt to agglomerate leading to a
decrease of Pt availability.
Conclusions
Functionalization of graphitized carbon nanofibers andmulti-
walled carbon nanotubes and subsequent decoration with Pt
nanoparticle of 3 nm in diameter has been prepared and their
performance towards electrocatalytic reduction of oxygen has
been tested. Structural defects produced by the functionali-
zation have been examined with XRD, Raman spectroscopy
and XPS. The corroborated results of these characterization
techniques lead to a trend based on the graphitic character: Pt/
GNF> Pt/F-GNF\ Pt/MWCNT> Pt/F-MWCNT. This tendency
has beenmaintained for the electrochemical characterization,
where it has been found that the activity towards electro-
chemical reduction of oxygen is larger for Pt/GNF and Pt/F-GNF
than Pt/MWCNT and Pt/F-MWCNT. Accelerated ageing tests
resulted in a reverse trend, where Pt/MWCNT and Pt/F-
MWCNT retained a larger percentage of ESA compared to Pt/
GNF and Pt/F-GNF. Furthermore, the functionalization of car-
bon nanotube support did not show an improvement in the
activity, however it was themost stable testedmaterial. These
findings suggest that functionalization improves thedurability
of multi-walled carbon nanotubes by making the Pt interact
with the support preventing coalescence to some extent.
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a  b  s  t  r  a  c  t
A  non-covalent  functionalization  for  multi-walled  carbon  nanotubes  has  been  used  as  an alternative  to
the  damaging  acid treatment.  Platinum  nanoparticles  with  similar  particle  size  distribution  have  been
deposited  on the surface  modiﬁed  multi-walled  carbon  nanotubes.  The  interaction  between  platinum
nanoparticles  and  multi-walled  carbon  nanotubes  functionalized  with  1-pyrenecarboxylic  acid  is stud-
ied and  its electrochemical  stability  investigated.  This  study  reveals  the  existence  of  a  platinum-support
interaction  and  leads  to three  main  conclusions.  First,  the addition  of  1-pyrenecarboxylic  acid  is improv-
ing  the  dispersion  of  platinum  nanoparticles,  leading  to an  improved  electrochemical  activity  towards
oxygen  reduction  reaction.  Second,  the  investigations  regarding  the electrochemical  stability  showed
that  the  platinum-support  interaction  plays  an important  role  in  improving  the  long-term  stability  by
as  much  as 20%.  Third,  post-mortem  microscopy  analysis  showed  a surprising  effect.  During  the elec-
trochemical  stability  investigations  concerned  with  carbon  corrosion  it was  found  that  the  multi-walled
carbon  nanotubes  were  undergoing  severe  structural  change,  transforming  ﬁnally  into  carbon  spheres.
© 2014  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Efﬁcient electrochemical conversion of energy has an utmost
importance in answering the needs of future energy supply and
demands. In this respect, polymer electrolyte fuel cells (PEMFCs)
represent a research avenue, due to the fact that it can pro-
duce electrical and thermal energy in a versatile way. Usually,
low temperature PEMFCs are using electrocatalysts in the form
of nanoparticles supported on high surface area carbons. Pt based
materials are the most used electrocatalysts in a real PEMFC. Even
with the steady decrease in the Pt price over the last 2 years [1],
Pt price is still one of the main drawbacks for PEMFC commer-
cialization. Having these said, huge efforts have been made for
developing PEMFC with non-precious metal catalysts [2,3]. How-
ever, from the performance point of view the Pt based materials
supported on high surface area carbons have a superior activity
compared to the non-precious metal catalysts. In order to achieve
∗ Corresponding authors. Tel.: +45 65508671/+45 65502579.
E-mail addresses: ses@kbm.sdu.dk, stamatinserban@gmail.com (S.N. Stamatin),
mashu@kbm.sdu.dk (S.M. Andersen).
the US Department of Energy mass activity targets [4], Pt alloying
with several transition metals has been explored [5–8]. Neverthe-
less, the deployment of PEMFCs is still limited by several key aspects
related to overall cost and performance loss during extended oper-
ation time. It was proven recently that Pt dissolution is a major
degradation mechanism along with Ostwald ripening, support cor-
rosion, particle migration and coalescence [9]. Nonetheless, one
should consider the degradation mechanisms associated with the
electrocatalyst/support system.
Even though the direct degradation of Pt is the most stud-
ied phenomenon, carbon corrosion can play an important role
in the overall degradation of the catalyst especially when poten-
tial spikes up to 1.44 VRHE are occurring during start-up/shutdown
[10]. During these periods the high surface area carbon undergoes
severe electrochemical corrosion. According to its Pourbaix dia-
gram, carbon is not stable under PEMFC operating conditions when
exposed to potentials larger than 0.207 VRHE [11]. Yet, no corrosion
is taking place at these low potentials due to the sluggish kinet-
ics, but carbon corrosion is accelerated by the presence of Pt at
larger potentials and elevated temperature. In this respect, much
effort has been made for replacing the carbon support with differ-
ent ceramics [12–18]. From the research point of view, the ideal
http://dx.doi.org/10.1016/j.apcatb.2014.07.005
0926-3373/© 2014 Elsevier B.V. All rights reserved.
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support should have a property matrix consisting of high surface
area, high electronic conductivity and high resistance towards cor-
rosion under PEMFC operating conditions. Even if an alternative
material to carbon is found having the above mentioned prop-
erty matrix, it will probably still take some time before it may
be replaced in a real PEMFC manufacturing industry due to the
membrane-electrode assembly (MEA) optimization and probably
higher costs of the support, itself. This is why carbon materials with
alternative structures [19–22] are still the most viable solution.
Multiwalled carbon nanotubes (MWCNTs) were among the ﬁrst
alternative carbon nanostructures to be tested as PEMFC electrocat-
alyst support [23,24] due to their large surface area and remarkable
electronic conductivity.
Electrochemical corrosion of carbon is known to take place dur-
ing PEMFC operating conditions, even though the full corrosion
process is not completely understood. It is widely acknowledged
that amorphous carbon defects are formed at large potentials and
corroded at lower potentials [25]. Carbon oxidation starts with
the presence of defects or at the kinks of the basal planes which
have unsaturated valences and free -electrons [26]. The defects
are crystallographic sites with different reactivity. Considering that
MWCNTs have a relative defect-free structure it should be a rather
stable material which does not undergo severe corrosion under
PEMFC operating conditions. However, this defect-free structure
translates into no anchoring points for Pt, thus functionalization is
needed prior to Pt deposition. Covalent functionalization has been
widely used in this respect [27], where the use of highly concen-
trated sulphuric acid, nitric acid, or a mixture between these two,
oxidizes the MWCNT surface creating different oxygen functional
groups. Nonetheless, this harsh treatment causes permanent dam-
age to the MWCNT structure resulting in a large amount of surface
defects which may  be one of the starting points for the overall
carbon oxidation.
There are several studies available in literature which consid-
ers MWCNT as possible electrocatalyst support for PEMFC. For
example, heat treated MWCNTs perform better than the untreated
MWCNTs in terms of activity and durability [28]. Another study
shows that the diameter of the MWCNTs plays an important role,
MWCNTs with a larger diameter have an increased speciﬁc activ-
ity and improved durability [29]. Zhao et al. showed that MWCNT
with a speciﬁc surface area of 120 m2 g−1 are the most suitable
MWCNTs as PEMFC electrocatalyst support [30]. It is difﬁcult to
compare results among different research groups for several rea-
sons. First, most of the studies are performing cyclic voltamograms
in either sulphuric acid or perchloric acid which results in different
oxygen reduction reaction (ORR) activity. Since anion adsorption
may  inﬂuence the catalyst activity [31], it is preferred to electro-
chemically test the materials in perchloric acid and not in sulphuric
acid. Second, the lack of similar Pt nanoparticle size supported on
different supports can result in different degradation mechanisms
which may  lead to an erroneous conclusion. It is a well-known
fact that smaller nanoparticles increase the surface energy lead-
ing to a faster Pt degradation rate [32]. Modifying both the particle
size and the support will result in ambiguous conclusions. Sup-
ports which have a large difference in surface area in comparison
to the reference support may  automatically result in a preferen-
tial degradation mechanism. Third, the use of different accelerated
stress test (AST) might have a different outcome for identical mate-
rials, which makes it difﬁcult to compare results among different
research groups. Therefore this paper aim is to prove that it is pos-
sible to increase the durability and ORR activity of Pt supported on
MWCNTs just by enhancing the nanoparticle dispersion on the sup-
port without modifying the particle size or subjecting the MWCNTs
to harsh acid treatments.
In this work, a non-covalent functionalization with 1-
pyrenecarboxylic acid (PCA) has been used in order to maintain the
pristine MWCNT surface characteristics. Pt in the form of nanoparti-
cles has been synthesized beforehand and subsequently deposited
on the non-covalently functionalized MWCNT surface. The present
study focuses on the interaction between the Pt nanoparticles,
MWCNTs and the PCA which is attached on the carbon nanotubes.
In this respect, a wide range of physico-chemical characterization
techniques were used to explain the ﬁndings resulted from the elec-
trochemical activity and stability measurements. In our attempt to
provide proof that the interaction between Pt, MWCNT and PCA is
enhancing the electrochemical stability, we  have observed an unex-
pected effect, mainly segmenting the graphene layers constituting
the MWCNT.
2. Experimental
2.1. Materials
MWCNTs (BET: 270 m2 g−1; VGCF-XTM, Showa Denko, Japan)
were used as starting support material and have been used with-
out further puriﬁcation. Ethylene glycol (EG, 99%, VWR), K2PtCl4
(46.75%, Alfa-Aesar) polyvinylpyrrolidone with Mw = 55,000 (PVP,
Sigma Aldrich), 1-pyrenecarboxylic acid (PCA, 97%, Sigma-Aldrich),
acetone (99%, VWR) and ethanol (96%, VWR) were used for pla-
tinization of MWCNT without any further puriﬁcation. Perchloric
acid (TraceSelect®, Sigma Aldrich) and ultrapure water (18.2 M,
Millipore) were used for the preparation of the electrolyte.
2.2. Synthesis
150 mg  of MWCNTs were added to 10 ml  of ethanol along with 0,
1.5, 3 and 7.5 mg  of PCA and ultrasonicated (Bandelin SONOREXTM)
for 1 h in order to produce MWCNT with 0%, 1%, 2% and 5% PCA,
respectively. The solvent was evaporated prior platinization. PCA
was previously used to obtain a better dispersion of MWCNT in
different solutions [33]. Pt nanoparticles were synthesized via
a modiﬁed polyol method previously reported elsewhere [17].
Brieﬂy, a volume of 20 ml  of 9.6 mM K2PtCl4 in EG was  vigorously
stirred at room temperature with 20 ml  solution of 6 mM PVP in EG
until complete dissolution of PVP and K2PtCl4 in EG was achieved.
The resulting mixture was  reﬂuxed at 160 ◦C with Ar purging. After
3 h, the mixture was cooled to room temperature, and 150 mg  of the
desired support material was added along with 300 ml  of acetone
and magnetic stirred for 12 h. The ﬁnal solution was centrifuged
6 times at 4500 rcf (Eppendorf 5804) and vacuum dried for 12 h
at 90 ◦C. The ﬁnal samples were denoted as Pt/MWCNT-PCA-0%,
Pt/MWCNT-PCA-1%, Pt/MWCNT-PCA-2% and Pt/MWCNT-PCA-5%,
respectively.
2.3. Physical characterization
Thermo gravimetric analyses (TGA) were performed using a
Netzsch STA-449-F3 equipped with a Pt sample carrier placed ver-
tically in a furnace. The samples were placed in an alumina crucible
and heated to 1000 ◦C with a 20 K min−1 heating rate in a gas mix-
ture consisting of nitrogen supplied at 40 ml  min−1 and oxygen
supplied at 10 ml  min−1.
X-ray diffraction (XRD) analysis was carried out by means of
X’Pert Pro PANalytical X-ray diffractometer. The analysis took place
between 10◦ and 85◦ glancing angles with a 0.02◦ step and a
dwelling time of 12 s per step. The peaks were compared against
the powder diffraction ﬁles (PDF) standardized by the International
Centre for Diffraction Data (ICDD) for phase identiﬁcation purposes.
The surface studies were carried out by using X-ray photoelec-
tron spectrometer (XPS) from SPECS® by using the Mg K source
and the data was analysed by using CasaXPSTM software. The sur-
vey spectra (resolution of 2.5 eV) were recorded for kinetic energies
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Fig. 1. TEM images of Pt/MWCNT-PCA-1% (A), Pt/MWCNT-PCA-2% (B) and Pt/MWCNT-PCA-5% (C) with the corresponding histograms below each picture. The histograms
were  obtained from several pictures of the same sample until approx. 1000 particles were analysed. The FWHM are indicated in the corresponding histograms by a grey line.
from 200 eV to 1260 eV. The deconvolution of high resolution spec-
tra (resolution of 1.3 eV) has been done by ﬁtting the peaks to pure
Gaussian peaks using Shirley background.
Transmission electron microscopy (TEM) was  performed at
120 kV by means of Tecnai 12 Bio Twin equipped with a LaB6 gun.
2.4. Electrochemical characterization
All the electrochemistry characterization was performed in an
all glass two-compartment three electrode setup, where a rotat-
ing disk electrode (RDE, Pine Instruments) with a 0.196 cm2 glassy
carbon electrode insert was the working electrode. The refer-
ence electrode was a dynamic hydrogen electrode (Hydroﬂex®,
Gaskatel) while the counter electrode was made out of a Pt coil
encapsulated in a glass tube with a ceramic frit. All the potentials
are listed against the reversible hydrogen electrode (RHE). For each
experiment, 200 ml  of freshly prepared 0.1 M HClO4 was prepared
with ultrapure water and used as an electrolyte. A Zahner® IM6-Ex
potentiostat controlled by Thales (Zahner®) was used for the ORR
measurements, while a Pine Instruments potentiostat was used for
the extended durability measurements.
All the inks were prepared with ultrapure water (>18.2 M,
Millipore) and had a Pt concentration of 0.10 mgPt cm−3. The cat-
alyst was dispersed in ultrapure water by 1 h ultrasonication and
prior to the electrochemical measurements it was  ultrasonicated
30 min. The working electrode was polished to a mirror ﬁnish and
10 l of ink was drop coated on its surface resulting in a loading
of 10 gPt cm−2, 20 gPt cm−2 were used for the AST. iR compen-
sation was performed by positive feedback until the electrolyte
resistance was less than 2 .  The samples were cycled for 200
cycles at 0.2 V s−1 between 0.05 and 1.3 VRHE prior to testing. Cyclic
voltammograms (CVs) were recorded at 0.05 V s−1 between 0.05
and 1.3 VRHE in an argon saturated electrolyte with a 0.002 V res-
olution. In order to determine the electrochemical surface area
(ESA), the charge associated with the anodic region between 0.05
and 0.4 VRHE was calculated with subtraction of the charge asso-
ciated with the double layer and, ﬁnally, divided by 210 C cm−2.
The speciﬁc electrochemical surface area (ECSA) was  obtained by
dividing the ESA with the Pt electrode mass. AST I was performed in
Ar saturated electrolyte between 0.05 and 1.3 VRHE with a sweeping
rate of 0.2 V s−1 for 5000 cycles. AST II was performed in Ar satu-
rated electrolyte between 1 and 1.5 VRHE with a sweeping rate of
0.5 V s−1 for 30,000 cycles (approx. 17 h). This is part of the FCCJ
(Fuel Cell Commercialization Conference of Japan) two-step proto-
col [34] which is widely acknowledged in the literature to separate
the electrocatalyst degradation from the support degradation. The
ESA was  measured every 500 cycles by cycling the working elec-
trode between 0.05 and 1.3 VRHE at 0.2 V s−1 for 10 cycles.
3. Results and discussion
3.1. Physico-chemical characterization
Fig. 1 shows TEM images of Pt supported on MWCNT with
1%, 2% and 5% PCA along with the TEM particle histograms. Fig.
S1 (Supplementary data, Appendix A) shows the TEM images of
Pt/MWCNT-PCA-0% where large agglomerates of Pt nanoparticles
are seen (blue coloured ellipses in Fig. S1), leaving a large part of
the MWCNT surface uncovered by Pt which will lead to a rather
poor activity and durability. Therefore, further physico-chemical
characterization has been abandoned from this work. As it can be
seen from the TEM particle histograms the Pt nanoparticles follow a
Gaussian distribution where the peak centre is 3.1 nm and a spread
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Fig. 2. Deconvolution of the C 1s peak obtained from the XPS analysis of Pt/MWCNT-PCA-1% (A), Pt/MWCNT-PCA-2% (B) and Pt/MWCNT-PCA-5% (C). Enlarged C 1s peak
Pt/MWCNT-PCA-1% (D), Pt/MWCNT-PCA-2% (E) and Pt/MWCNT-PCA-5% (F).
of approx. 0.4 nm (the FWHM of the Gaussian ﬁt was considered the
spread). This is very close to the crystallite size obtained from the
Pt (1 0 0) peak present in the XRD spectrum (Fig. S2, Supplementary
data, Appendix A). Using the Scherrer formula for Pt (1 0 0), located
at approx. 2 = 40◦, which indicates a crystallite size of approx.
2.9 nm for all the samples. Considering that similar Pt nanoparti-
cles were obtained for surface modiﬁed support, it can be concluded
that the Pt nanoparticle synthesis is highly reproducible. It is highly
important for the tested materials to have similar Pt nanoparticle
size distribution in order for the electrochemical performance not
to be ﬂawed. In contrast to Pt/MWCNT-PCA-0%, the Pt dispersion
on the MWCNT surface is improving with the increase of PCA. By
adding just the equivalent of 1% PCA to the MWCNT surface the dis-
persion improves, nevertheless Pt/MWCNT-PCA-1% still has small
Pt islands formed of Pt nanoparticles, while for Pt/MWCNT-PCA-2%
and Pt/MWCNT-PCA-5% the particle dispersion is improved leading
to almost no particle agglomeration. It is expected that the activity
and durability of these samples will improve with increasing PCA
content.
An extended XPS description with regards to peak positions and
deconvolution method is presented in Supporting Information. The
C 1s XPS survey, presented in Fig. 2, shows that the PCA modiﬁes
S.N. Stamatin et al. / Applied Catalysis B: Environmental 162 (2015) 289–299 293
the surface composition of MWCNT. The deconvolution of the C 1s
peak (Table 1) supports the proposed mechanism of –* interac-
tion between the MWCNT and the PCA. It is clear that increasing
the PCA amount leads to an increase in the –* interaction. There
is signiﬁcant increase in the contribution of –* interaction from
2.1 to 5.2% in C 1s deconvolution. The concentration of C C bond-
ing (corresponding to the sp2 hybridization) slightly increases from
69.2% for Pt/MWCNT-PCA-1% until 70.8% for Pt/MWCNT-PCA-5%
(Table 1). There is slight decrease in the binding energy of C C
towards low binding energy which indicates the graphitization
with increased amount of PCA. This was expected, mainly due to
the presence of more carbon rings on the surface resulted from
the increase of PCA. The relative concentration of surface defects
(corresponding to sp3 hybridizarion because of the presence of dan-
gling bonds) considerably decreases with increasing the amount of
PCA, which could be due to the coverage of the MWCNTs surface
with the pyrene molecules. PCA molecules are highly graphitized
due to the presence of four benzene rings. The surface concentra-
tions of C O, C O and C OOH bonds are more or less similar in
amount for all the samples due to the similar environment of func-
tionalised groups. One should bear in mind that there is 1 carboxylic
group per each 16 carbon atoms in PCA, which is why there is little
difference in the surface concentrations of C O, C O and C OOH.
The amount of Pt from survey spectra are 0.67, 0.82 and 1.0% for
Pt/MWCNT-PCA-1%, Pt/MWCNT-PCA-2% and Pt/MWCNT-PCA-5%,
respectively. This increasing trend can easily be explained on the
basis of Fig. 1, which shows the better dispersion of Pt on MWCNTs
with increasing amount of PCA and thus makes it easily available
for electrochemical processes. The Pt 4f peak (Fig. S3) shows that
the overall surface concentration of metallic Pt (Pt0) is decreasing
with increasing PCA amount (Table 1), which might be caused by Pt
coverage with excess PCA. These ﬁndings have not been proposed
in previous works involving PCA interactions with either MWC-
NTs [22] or CNFs [36]. These are clear indications that Pt interacts
with the carboxylic moieties present in the PCA, which can be the
foundation of the improved durability for these types of material.
Moreover this is supported by both the overall concentration of
Pt(2+) and Pt(4+) from the Pt 4f peak as well as from the surface
concentration of PtO2 from the O 1s peak (Fig. S3).
3.2. Electrochemical performance
The Pt electrode loading was obtained from the Pt loading on
the MWCNTs as obtained from TG analysis (Fig. S4, Supplemen-
tary data, Appendix A), which was approx. 20% for all the samples.
The increase in the speciﬁc electrochemical surface area (ECSA)
can be clearly seen from Fig. S5 (Supplementary data, Appendix
A) which shows the cyclic voltammograms (CVs) obtained for
Pt/MWCNT-PCA-1%, Pt/MWCNT-PCA-2% and Pt/MWCNT-PCA-5%.
To accurately reﬂect only the role played by the PCA on the MWCNT
surface, the voltammograms were normalized to the geometrical
area of the electrode (0.196 cm−2) and the Pt electrode loading.
20 gPt cm−2 was needed for achieving a good electrode in the
case of Pt/MWCNT-PCA-1%. The CV’s have the well-known Pt char-
acteristic shape, where at low potentials (0.05–0.4 VRHE) on the
cathodic sweep the hydrogen is adsorbed on the Pt surface while
Fig. 3. ECSA (square blue scatter), SA (red bar) and MA (black bar) obtained for
Pt/MWCNT-PCA-1%, Pt/MWCNT-PCA-2% and Pt/MWCNT-PCA-5%. The activity val-
ues  are obtained at 0.9 VRHE in 0.1 M HClO4. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
on the anodic sweep hydrogen is desorbed. The Pt-oxide formation
speciﬁc peaks are formed above 0.8 VRHE on the anodic sweep and
it is removed on the cathodic sweep around 0.7 VRHE. By 0.4 VRHE
the Pt surface is free for the readsorption of hydrogen. Between
0.4 VRHE and approx. 0.7 VRHE the double layer charge is present
as a region with no distinct peaks. This region is characteristic
for the carbon support and during carbon stressing a wide peak
is formed which is known as the hydroquinone–quinone (HQ–Q)
redox couple. The ESA was  obtained by the integration of the hydro-
gen desorption region and corrected for the capacitance measured
in the double layer region [37]. The ECSA was obtained by dividing
the ESA to the Pt electrode mass, thus the largest ECSA was obtained
for Pt/MWCNT-PCA-5% with 76.3 m2 g−1 followed by Pt/MWCNT-
PCA-2% with 61.2 m2 g−1 and Pt/MWCNT-PCA-1% with 35 m2 g−1
(Fig. 3). Pt/MWCNT-PCA-0% exhibited approx. 20 m2 g−1 ECSA. This
is close to the Pt black ECSA (13 m2 g−1) [31], therefore no further
characterization was pursued for this sample. If one assumes that
the Pt particles are spherical and that the Pt density is 21.45 g cm−3,
then for Pt particles with a 3.1 nm diameter, the theoretical ECSA
is approx. 90 m2 g−1. In this case, the Pt usage is close to 85%
for Pt/MWCNT-PCA-5%, 68% for Pt/MWCNT-PCA-2% and 39% for
Pt/MWCNT-PCA-1%.
The thin ﬁlm-rotating disk electrode method was used for
estimating the activity towards ORR [38,39]. Hydrodynamic
voltammograms were recorded at 400, 900, 1600 and 2500 rpm
in an oxygen saturated 0.1 M HClO4 electrolyte and subtracted by
the CVs obtained in Ar saturated electrolyte (Fig. S6, Supplemen-
tary data, Appendix A). The shape of the ORR  voltammograms are
resembling those found in literature where the diffusion limiting
current at 0.4 V should be approx. −6 mA  cm−2 [37]. This value is in
excellent agreement for all the materials present in Fig. S6 (Supple-
mentary data, Appendix A), with a deviation of less than 5% which
means that the larger Pt electrode loading used for Pt/MWCNT-
PCA-1% did not signiﬁcantly affect mass transport. The inset in
Table 1
Surface concentration obtained from the deconvolution of the C 1s, Pt 4f and O 1s XPS peaks for Pt/MWCNT-PCA-1%, Pt/MWCNT-PCA-2% and Pt/MWCNT-PCA-5%. OCG  means
oxygen containing groups.
Sample name C 1s Pt 4f O 1s
sp2 (%) sp3 (%) –*/(%) Pt0 (%) Pt(2+) (%) Pt(4+) (%) PtO2 (%)
Pt/MWCNT-PCA-1% 69.2 7.6 2.1 81.7 12.1 6.2 9.5
Pt/MWCNT-PCA-2% 69.5 5.4 4.0 68.9 19.8 11.3 19.8
Pt/MWCNT-PCA-5% 70.8 3.6 5.2 64.8 23.3 11.9 26.1
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Fig. 4. CV’s for Pt/MWCNT-PCA-1% (A) and Pt/MWCNT-PCA-5% (C) treated with AST I at beginning of testing (BOT, black lines) and at the end of testing (EOT, red lines) with
the  associated post mortem TEM: Pt/MWCNT-PCA-1% (C) and Pt/MWCNT-PCA-5% (D). The red dotted lines represent the potential at maximum cathodic current between
0.6  and 0.8 VRHE at BOT and black dotted lines at EOT. The green arrows in B and D represent are indicating Pt growth, while the red arrows are indicating Pt coalescence
of  multiple Pt nanoparticles. The initial Pt electrode loading was  kept for all experiments at 20 gPt cm−2. All the experiments took place in an Ar saturated 0.1 M HClO4
electrolyte between 0.05 and 1.3 VRHE at a 0.5 V s−1 sweep rate. The relative ESA is plotted against the cycle number in (E). The particle histogram for Pt/MWCNT-PCA-1%
(black  bar) and Pt/MWCNT-PCA-5% (red bar) are presented in (F)—approx. 250 particles from several TEM images have been counted in order to obtain the histogram. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. S6 (Supplementary data, Appendix A) is the representative
Koutecky–Levich plot at 0.9 VRHE at different rotating speeds nor-
malized to the Pt electrode mass. The slope of the ﬁtted lines results
in the number of electrons used for the reaction, which is close
to 4 e− for Pt/MWCNT-PCA-2% and Pt/MWCNT-PCA-5% while for
Pt/MWCNT-PCA-1% is closer to 3.5 e−. The intercept on the y-axis
results shows the MA.  This follows the same trend as for the ECSA
(Fig. 3).
The effect of adding PCA deﬁnitely improves the dispersion
of Pt nanoparticles on the support which translates into an
increased ECSA and MA,  as shown in Fig. 3. The values obtained
for Pt/MWCNT-PCA-5% are comparable to the ones reported for Pt
supported on active carbon with particle sizes between 2 and 3 nm
[31], which means that a good Pt dispersion has been achieved on
the MWCNT surface. A 1.5 fold improvement in the MA has been
obtained when compared to the covalently functionalized MWC-
NTs [40]. In a recent study treated MWCNT with PCA and supported
PtRu was used for methanol oxidation. This resulted in a 60 m2 g−1
ECSA [35], which is still lower than Pt/MWCNT-PCA-5%. In another
study a 54.3 m2 g−1 ECSA and a SA of 4 A m−2 at 0.78 V [41] was
reported, whereas Pt/MWCNT-PCA-5% has an ECSA of 76.3 m2 g−1
and the SA measured at 0.9 VRHE approx. 4.3 A m−2. Orfanidi et al.
prepared Pt supported on covalently functionalized MWCNT with
pyridine and hydroxypyridine with similar catalytic ECSA, SA and
MA,  nevertheless the work has not pursued any accelerated stress
tests [42]. In this respect, we have conducted two  different types
of accelerated stress tests which are presented in the following
sub-section.
3.3. Electrochemical stability
In order to study the degradation of the materials discussed
in the previous section we have pursued two types of AST; one
consisting of potential sweeping between 0.05 and 1.3 VRHE at
0.2 V s−1 (AST I) and another one consisting of potential sweeping
between 1 and 1.5 VRHE at 0.5 V s−1, as proposed by FCCJ [34] (AST
II). Due to the reasons concerning the larger Pt electrode loading for
Pt/MWCNT-PCA-1% which was explained in the previous section,
the Pt electrode loading has been maintained for all the samples at
20 gPt cm−2 during the degradation studies. This has been done
for the electrochemical stability in order to prevent any doubt
with regards to the fact that more Pt may  alter the ﬁndings [43].
Fig. 4 shows the changes induced by AST I. With the aim of having
a clearer picture on the inﬂuence of PCA on the MWCNTs dur-
ing degradation only Pt/MWCNT-PCA-1% and Pt/MWCNT-PCA-5%
are carefully taken in consideration. It is rather easy to distin-
guish between the transformations occurred under AST I and the
ones under AST II. For AST I a combined degradation behaviour
is observed consisting of both Pt degradation and carbon support
oxidation. This is a rather harsh treatment on the electrocatalyst
itself and the support as well due to the excursions at potentials
as large as 1.3 VRHE where Pt is completely oxidized [9]. Moreover
at 0.4 VRHE the Pt surface is completely reduced, so a continu-
ous Pt oxidation–reduction is taking place which should degrade
sufﬁciently the electrocatalyst. The HUPD region (0.05–0.4 VRHE) is
decreasing with the number of cycles which translates into a lower
ESA as observed by the trend in Fig. 4. For Pt/MWCNT-PCA-1% there
is a very small HQ–Q redox couple between 0.4 and 0.7 VRHE as
it can be seen from Fig. 4A, this will give in turn a lower ESA at
the end of test (EOT). The reduction peak of the Pt oxide around
0.7 VRHE on the cathodic sweep is shifting towards higher potentials
(Fig. 4A and C). The change in this potential is 31 mV  for Pt/MWCNT-
PCA-1% and 14 mV  for Pt/MWCNT-PCA-5%. It is believed that if this
peak is situated at larger potentials then the adsorption strength
of OH* species is decreasing, therefore decreasing the ORR activ-
ity [44,45]. In addition, the shift towards larger potentials can be
attributed to the reduction of Pt oxide at less oxophilic sites, hence
larger particles [46]. This is conﬁrmed by Fig. 4, where Pt/MWCNT-
PCA-1% retains 55% of the initial ESA while Pt/MWCNT-PCA-2% and
Pt/MWCNT-PCA-5%, retains 73% and 78%, respectively. We  have
recently compared in similar conditions the same MWCNTs with
covalently functionalized MWCNTs. The functionalized MWCNTs
were found to be more stable at the cost of decreased ORR activ-
ity [40]. However, Pt/MWCNT-PCA-5% retains 78% of the initial ESA
which is an improvement from the 58% for covalently functional-
ized MWCNT [40]. Taking into consideration that the support is the
same in both studies and the Pt particle size distribution is simi-
lar, it can be concluded that there is an interaction between Pt and
PCA-MWCNT which may  prevent the Pt degradation. This is sup-
ported by the XPS ﬁndings presented in Section 3.1. Nevertheless,
such allegations should be avoided without further supporting evi-
dence. Therefore, post mortem TEM has been performed after the
AST I.
Pt degradation has been extensively studied and it was shown
that dissolved Pt may  redeposit in the ionomer as permeating
hydrogen reduces the Pt ions [47,48]. Moreover dissolved Pt has
been documented to be present in the fuel cell exit water stream
[49]. When looking at the more fundamental Pt degradation this
can be 3D Ostwald ripening, 2D Ostwald ripening and coalescence.
The difference between the 3D and 2D Ostwald ripening is the path
through which dissolved Pt species are travelling. If it is through
the electrolyte, then it is called 3D Ostwald ripening while if it is
along the carbon surface it is called 2D Ostwald ripening [48,50,51].
The coalescence may  be caused by the Pt migration on the support
with further “fusion” of Pt nanoparticles in one single larger par-
ticle [52]. However, this may  be caused from the initial particles
which are in contact or from carbon corrosion which shrink forcing
Pt nanoparticles to come in contact [53].
Fig. 4B and D shows the post mortem TEM for Pt/MWCNT-
PCA-1% and Pt/MWCNT-PCA-5% at EOT after AST I. In the case of
Pt/MWCNT-PCA-1% (Fig. 4B) there is an extended Pt degradation. It
is well-known now that smaller Pt nanoparticles are more prone to
dissolution due to the so called Gibbs-Thomson effect [32]. This can
in turn lead to an increased particle size through the 2D/3D Ostwald
ripening. This is happening in both samples, Pt/MWCNT-PCA-1%
and Pt/MWCNT-PCA-5%, and it cannot be overcome by any current
synthesis route. Pt degradation associated with coalescence will
increase with increasing Pt loading on the support, due to smaller
interparticle distance [51]. So, this can be overcome only if the
support has a large enough surface area to house all the Pt nanopar-
ticles on the surface and provide enough interparticle distance in
order for the nanoparticles not to be in contact during the fuel cell
operation. Further on, the green arrows in Fig. 4 B and D are indi-
cating Pt nanoparticles growth by a degradation mix which may
be caused by Pt nanoparticle migration, coalescence and 2D/3D
Ostwald ripening. One might consider that there is no difference
in the post mortem TEM images for Pt/MWCNT-PCA-1% (Fig. 4B)
and Pt/MWCNT-PCA-5% (Fig. 4D), however most of the particles in
Fig. 4D are maintaining a spherical shape which is not the case for
all the Pt nanoparticles in Fig. 4B. The red arrows in Fig. 4B are high-
lighting regions where multiple Pt nanoparticles appear to overlap
which may  indicate coalescence. This may  be mainly caused by the
presence of the Pt islands on the pristine sample, which are formed
of aggregates of Pt nanoparticles (Fig. 1A). The Pt nanoparticles in
Pt/MWCNT-PCA-5% are initially in contact for the pristine sample
as well (Fig. 1C), however it seems that PCA prevents the formation
of such Pt clusters. Fig. 4F shows the particle histograms as obtained
from several TEM pictures from which it can be seen that there is an
extended Pt degradation with a wide particle size distribution. It is
very interesting to observe that for Pt/MWCNT-PCA-5% approx. 70%
of the initial particles maintained a size smaller than 10 nm while
for Pt/MWCNT-PCA-1% only 27% are found in the same size range. In
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Fig. 5. CV’s for Pt/MWCNT-PCA-1% (A) and Pt/MWCNT-PCA-5% (C) treated with AST II at BOT (black lines) and EOT (red lines) with the associated post mortem TEM:
Pt/MWCNT-PCA-1% (C) and Pt/MWCNT-PCA-5% (D). In the CV’s, the red dotted lines represent the potential at maximum cathodic current between 0.6 and 0.8 VRHE at
BOT  and black dotted lines at EOT; the blue dotted ellipses are showing the appearance of HQ–Q redox couple. In (B) and (D), the blue arrows indicate coalescence of Pt
nanoparticles, the orange arrows are indicating possible Pt nanoparticles which have transformed into rectangles, while the red arrows and red ellipses are indicating different
steps  of MWCNT structural change and corrosion. The initial Pt electrode loading was kept for all experiments at 20 gPt cm−2. All the experiments took place in an Ar saturated
0.1  M HClO4 electrolyte. The relative ESA is plotted against the cycle number in (E). The particle histogram for Pt/MWCNT-PCA-1% (black bar) and Pt/MWCNT-PCA-5% (red
bar)  are presented in (F)—approx. 250 particles from several TEM images have been counted in order to obtain the histogram. (For interpretation of the references to colour
in  this ﬁgure legend, the reader is referred to the web  version of this article.)
S.N. Stamatin et al. / Applied Catalysis B: Environmental 162 (2015) 289–299 297
the case of Pt/MWCNT-PCA-1%, approx. 40% of the initial particles
have diameters larger than 20 nm while for Pt/MWCNT-PCA-5%
less than 5% have this size. Taking in consideration that we  have
tested in similar conditions the same MWCNTs and approx. 50% of
the initial ESA was retained [40], therefore the interaction between
Pt and PCA-MWCNTs can be held responsible for the improved
stability.
Pt degradation was discussed in the ﬁrst part of the current sec-
tion. Carbon corrosion and its associated degradation mechanisms
are discussed in the following. It is difﬁcult to completely distin-
guish between Pt degradation and support degradation in spite of
their each individual effect. Meier et al. proposed to classify the
degradation associated with Pt and carbon corrosion as primary
degradation phenomena [52]. Therefore, carbon corrosion as a pri-
mary degradation mechanism can lead to particle detachment by
corrosion of the Pt-support interface and Pt nanoparticle agglom-
eration by effective loss of surface area which arises from carbon
corrosion. Taking in consideration that both primary degradation
phenomena may  lead to similar secondary degradation mecha-
nism, it is hard to draw a clear line between each degradation
process. However, the FCCJ protocol made a clear cut by subjecting
the catalyst to potential excursions as high as 1.5 VRHE with a lower
potential limit of 1 VRHE and separating carbon degradation from
Pt degradation [34]. One should expect some Pt dissolution below
1.15 VRHE since above 1.15 VRHE a subsurface oxide is formed [9].
Nonetheless, it has been recently conﬁrmed that carbon degrada-
tion is the predominant mechanism resulted from the FCCJ protocol
[35,54].
The CV’s for Pt/MWCNT-PCA-1% (Fig. 5A) and Pt/MWCNT-PCA-
5% (Fig. 5C) are showing the samples during AST II at BOT and EOT.
In contrast to Fig. 4A and C the HUPD region situated at 0.05–0.4 VRHE
is not decreasing in terms of peak current density. However, this
is misleading because the double layer charge is increasing leading
to a decrease in ESA. The most degraded sample subjected to AST
II is, surprisingly, Pt/MWCNT-PCA-2% (73%) which is very close to
Pt/MWCNT-PCA-1% (74%) followed by Pt/MWCNT-PCA-5% (85%).
It is worth mentioning that the CV at BOT for Pt/MWCNT-PCA-1%
is actually after 500 cycles of sweeping between 1 and 1.5 VRHE at
0.5 V s−1 due to the small artefact in the initial cycles (Fig. 5E). The
appearance of HQ–Q redox couple (0.4–0.8 VRHE) is observed as a
clear feature for both samples which reﬂects that the carbon sup-
port undergoes some transformation. It is believed that the increase
in the double layer charge is caused by different oxygen functional
groups on the MWCNT surface. It has been documented that an
increased Pt loading results in a more pronounced ESA loss, under
similar condition to the one in this study [43]. Similar to Fig. 4A
there is a 23 mV  difference on the cathodic sweep around 0.7 VRHE
for Pt/MWCNT-PCA-1% (Fig. 5A). This is an indication of particle
growth as discussed in the ﬁrst part of this section. Even though for
Pt/MWCNT-PCA-1% treated with AST I (Fig. 4A) a larger potential
difference is observed (31 mV), there is still a signiﬁcant change.
Interestingly, no difference can be observed around 0.7 VRHE for
Pt/MWCNT-PCA-5% treated with AST II (Fig. 5C). Moreover, the
reduction of the Pt oxide surface looks strikingly similar for the
CV’s at EOT and BOT for Pt/MWCNT-PCA-5% with an almost perfect
overlay. This is an indication that Pt particles have not increased in
diameter to a large extent. In this regard, TEM investigations have
been pursued after the degradation test.
Post mortem TEM has been performed since there is a difference
between Pt/MWCNT-PCA-1% and Pt/MWCNT-PCA-5% in the reduc-
tion potential of Pt surface oxide. Fig. 5B and D shows the post
mortem TEM images for Pt/MWCNT-PCA-1% and Pt/MWCNT-PCA-
5% subjected to AST II. The blue arrows in Fig. 5B and D indicate
Pt nanoparticle coalescence which seems to be more severe for
Pt/MWCNT-PCA-1% (Fig. 5B) than for Pt/MWCNT-PCA-5% (Fig. 5D).
If one considers that AST II causes predominantly carbon corrosion
then it can be concluded that the reason for Pt nanoparticle coales-
cence was mainly corrosion of the Pt-support interface or the direct
corrosion of MWCNTs which results in a lower surface area, hence
Pt nanoparticles coming in contact and forming a larger particle.
However, this is happening to a lower extent in case of Pt/MWCNT-
PCA-5% where most of the Pt nanoparticles maintain their initial
size and shape. Fig. 5F shows the particles histogram from which
it is clear that Pt/MWCNT-PCA-5% preserves more particles in their
initial size (approx. 3 nm). Pt/MWCNT-PCA-1% has a similar distri-
bution but with a large proportion (i.e. 21%, Fig. 5F) of particles with
a diameter larger than 10 nm,  which are not found for Pt/MWCNT-
PCA-5%.
A large proportion of these particles are rectangular particles as
indicated by the orange arrows in Fig. 5B is of a particular inter-
est. This rectangular type of particle is present only in the case of
Pt/MWCNT-PCA-1% and Pt/MWCNT-PCA-2%. The size of the rectan-
gular particles is in the range of 10–30 nm.  Xie et al. found similar
particles at the anode side of the membrane electrode assembly
after 1000 h of constant-current testing mode at 1.07 A cm−2[55].
Taking into consideration the potential window (1–1.5 VRHE) it is
hard to believe that such a degradation took place during the actual
stress test. It would be more plausible if this transformation actually
occurred during the measurement of ESA which took place every
2500 cycles, hence 12 times. This should be accompanied by migra-
tion of Pt nanoparticles on the support, which is in line with the
ﬁndings that PCA enhances the Pt-support interaction.
The red arrows and ellipses in Fig. 5B and D are indicating regions
of carbon corrosion. These regions where MWCNTs are undergo-
ing a transformation towards carbon spheres are highly surprising.
Another possibility for the appearance of such carbon nanostruc-
tures might be the PCA corrosion. Recently, it has been shown that
−800 mV  needs to be applied in order to remove the PCA from
graphite like structures [56]. Even at this negative potential less
than 10% is removed from the surface in acidic environment [56].
This means that in the 1–1.5 VRHE potential window PCA is still
present. However, the PCA is a structure composed of 4 benzene
rings grouped together linked to a carboxylic group which might
corrode as well at potentials as high as 1.5 VRHE. In this respect,
PCA was subjected to AST II in order to remove any suspicion that
the PCA might corrode during AST II. CV’s at BOT and EOT of PCA
coated glassy carbon electrode (GCE) are shown in Fig. S7. The bare
GCE has no peak in between 0.4 and 1 VRHE. When PCA is added to
GCE a wide peak appears, which is centred at 0.67 VRHE. At EOT  this
peak preserves its shape and current magnitude. No decrease in the
charge associated with this peak can be observed between the CV
at BOT and EOT. This shows clearly that it is highly improbable for
the PCA to be the source of the carbon spheres and the MWCNTs
are undergoing severe structural and morphological changes.
It seems that during AST II, the rolled graphenes forming the
MWCNTs are actually destroyed by the harsh oxidation treat-
ment. To the best of our knowledge, the phenomenon of MWCNT
transformation to carbon spheres (CNT-CS) is the ﬁrst time ever
reported. The reader should bear in mind that these MWCNTs are
not perfect. That is, there is a large extent of structural defects
as it was  shown in our previous work [40,57] which can be seen
from Figs. 1, 4 and 5 where the MWCNTs are bundled up. The red
arrows in Fig. 5B are clearly showing a MWCNT undergoing severe
morphological change by swelling from the tip towards the rest of
the MWCNT. This is an indication that the CNT-CS process is start-
ing at the tip where unterminated crystallographic planes have a
stronger reactivity towards different hydrogen and oxygen func-
tional groups. As discussed in the introduction, the MWCNTs tips
have a large density of defects which makes it easier for the MWCNT
to be corroded from the tips onwards. The kinks of the basal planes
can be the starting points for the carbon corrosion as well due to
the free -electrons and unsaturated valences [26]. It has been
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reported that the oxidation of high surface area carbons acting
as a support for Pt are starting at large potentials (above 1 VRHE)
where defects are created which are subsequently corroded at very
low potentials (below 0.7 VRHE) [25]. In addition, the reduction of
the Pt subsurface oxide layer may  provide the additional needed
oxygen to end the MWCNTs degradation with CO2 formation. If
potential excursions up to 1.5 VRHE in Ar saturated 0.1 M HClO4 rep-
resents the main cause for this remarkable CNT-CS process, then the
acid treatment for MWCNT which takes place in nitric/sulphuric
acid mixture should be carefully reconsidered. The lack of fur-
ther experimental proof calls for additional characterization (such
as in situ techniques) in order to clearly establish the CNT-CS
process.
4. Conclusions
A non-covalent functionalization of MWCNT using 1-
pyrenecarboxilic acid (PCA) has been used as an alternative
to the usually used acid treatment with the purpose of obtaining
a series of support materials for Pt deposition. The good control
of the Pt synthesis delivered Pt nanoparticles with a very narrow
size distribution which served as standard electrocatalysts in
order to study the Pt-support interaction. The mechanism for
the interaction between the MWCNTs and PCA has been con-
ﬁrmed by XPS and the existence of an interaction between the
Pt nanoparticles and the PCA functionalized MWCNTs acting as
a support has been documented. It has been proven that by just
changing the MWCNTs surface in a non-damaging manner results
in good dispersion of Pt on the MWCNTs surface. Improving the
dispersion leads to a greater activity towards the oxygen reduction
reaction in acidic medium. Extensive electrochemical stability
investigations have been performed from which it was conﬁrmed
that the Pt-MWCNT interaction leading to a large improvement
in the stability over long term testing. In our attempt to prove
that there is an interaction between PCA-MWCNTs and Pt by
performing degradation studies, two other interesting ﬁndings
have been discussed in this work. First, the geometrical trans-
formation of initial spherical Pt nanoparticles into rectangular
particles which have 4–5 times the initial dimensions. Second,
the transformation of MWCNTs into carbon spheres has been
visualized for the ﬁrst time, to the best of our knowledge. Future
work along this line should include the use of in-situ techniques
for a better understanding of the phenomena. The ﬁndings dis-
cussed in this work should provide an insight in the way  we
think about the “corrosion proof” MWCNTs. Bearing in mind that
all the experiments were conducted at room temperature, one
should expect an even faster degradation with the increase in
temperature. In this respect, one should take into consideration
the use of such materials for high temperature PEMFCs (approx.
150 ◦C).
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a b s t r a c t
Electrochemical dissolution of platinum has been proposed by several research groups as
an environmentally friendly way to recover platinum from catalytic structures such as fuel
cell electrodes. For the case of electrochemical dissolution of platinum in hydrochloric acid
electrolyte, the present communication reports a simple chemical method for reprecipi-
tating platinum as nanoparticles of reasonable particle size on a carbon substrate without
intermediary separation and handling of solid platinum salt.
After electrochemical dissolution, platinum was reprecipitated using a polyol based
method. Platinum on carbon was then identified, quantified, and the particle size evaluated
by powder X-ray diffraction, thermogravimetric analysis and cyclic voltammetry.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
Introduction
Platinum nanoparticles are the electrocatalyst of choice for
polymer electrolyte membrane fuel cells, due to their combi-
nation of reasonable stability at the harsh operating condi-
tions of fuel cells as well as high catalytic activity towards
both the oxidation of hydrogen and the reduction of oxygen.
To maximize the surface area, these nanoparticles are
distributed on electrically conductive, high surface area sup-
port materials such as activated carbons. During fuel cell
operation, such catalytic structures degrade through various
well investigated mechanisms [1e3] among them dissolution,
agglomeration and coalescence of platinum particles. In
addition to a reduction in electrochemically active platinum
surface area and the associated drop in performance, these
forms of degradation have the consequence that the platinum
particle size distribution is altered at the fuel cell end of life.
Therefore, to recover platinum from fuel cell materials and
reuse them in the same application, the platinum particles
have to be dissolved and reprecipitated with the proper size
distribution.
To dissolve and recover the platinum catalyst, themajority
of available methods use hydrochloric acid leaching media
assisted by a chemical oxidant such as nitric acid (with HNO3/
HCl ratios equal to or lower than for aqua regia) [4e8], halogen
gas (e.g. Cl2, Br2) [4,8], and even hydrogen peroxide [4,8]. The
platinum chloro complexes thus obtained are subsequently
extracted by solvent extraction processing, stripped from the
organic phase by water and possibly precipitated as
(NH4)2PtCl6 by addition of ammonium chloride to the aqueous
phase [9]. Possible emissions from this type of processing
include ammonia, chlorine, hydrogen chloride and nitrogen
* Corresponding author. Tel.: þ45 65502479.
E-mail addresses: cfn@kbm.sdu.dk, casper_noergaard@hotmail.com (C.F. Nørgaard).
Available online at www.sciencedirect.com
ScienceDirect
journal homepage: www.elsevier .com/locate/he
i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 4 ) 1e5
Please cite this article in press as: Nørgaard CF, et al., Redeposition of electrochemically dissolved platinum as nanoparticles on
carbon, International Journal of Hydrogen Energy (2014), http://dx.doi.org/10.1016/j.ijhydene.2014.08.054
http://dx.doi.org/10.1016/j.ijhydene.2014.08.054
0360-3199/Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
dioxide, which generally need to be scrubbed from the flue gas
prior to emission to air. The described industrial process is,
seemingly, designed with the intention of recovering the
noble metal catalyst as pure salts that can be traded.
Electrochemical dissolution of platinum has been proposed
by several research groups as an environmentally friendly
alternative to the aqua regia method described above. The
various approaches include the use of redoxmediating systems
[10], ionic liquid electrolytes [11], as well as hydrochloric acid
electrolyte [12e14]. Using the latter approach on commercial
platinum on carbon gas diffusion electrodes, our group's pre-
liminary results show that more than 80% of the platinum can
be dissolved outright. However, bringing platinum into solution
is only one side of the coin when it comes to recycling of fuel
cell electrode materials e the platinummust be reprecipitated
as nanoparticles on a high surface area conductive substrate in
order to be reinstated as an electrocatalyst.
Based on the well-established polyol method for platinum
reduction [15,16], the present paper investigates the possibility
of bringing platinum into solution electrochemically, adjusting
the composition of the solution and then use the resulting so-
lution for redeposition of platinum nanoparticles on a carbon
substrate, thus avoiding any intermediate solid platinum com-
pounds. It offers an alternative to electrodeposition methods
whichhavebeensuggested inconjunctionwithelectrochemical
platinumrecovery schemes [10,11,14]. Thepresent redeposition
method may prove preferable when it comes to achieving a
uniform dispersion and particle size distribution on a large
electrode area in contrast to the electrodeposition method.
Platinumwas dissolved by a potentiodynamic treatment in
dilute hydrochloric acid electrolyte. As the amount of plat-
inum per area for commercial gas diffusion electrodes is
rather low (in the order of tenths of milligrams per square
centimeter [17]), pure platinum wire was selected as a model
working electrode to reduce the uncertainty of the measure-
ments by enabling a simple gravimetric way ofmonitoring the
amount of platinum dissolved and by avoiding contamination
of the solution with corroded contacts or substrate.
The platinum containing solution was then used for rede-
position with no other pretreatment than a simple pH
adjustment using sodium hydroxide. Ethanol was used as the
solvent and reducing agent for reduction of the dissolved
platinum to platinum nanoparticles. A commercial carbon
supportmaterial was added to the reactionmixture in order to
nucleate platinum directly on carbon.
The platinum on carbon material obtained was charac-
terized by cyclic voltammetry, thermogravimetric analysis
and powder X-ray diffraction for the detection, quantification
and crystallite size estimation of platinum. Furthermore, UV-
vis spectrophotometry was carried out on the platinum con-
taining 1 M HCl electrolyte used for the redeposition, in order
to verify that platinum was oxidized and dissolved.
Experimental
Electrochemical dissolution of platinum
Platinumwire (d¼ 0.3mm, DanskÆdelmetal A/S) was used as
the working electrode in a three-electrode electrochemical
setup. A graphite rod was used as the counter electrode
whereas a Radiometer REF401 standard calomel reference
electrode filled with saturated potassium chloride solution
was used as the reference. 30 ml of 1 M HCl (Hydrochloric acid
37%, ACS reagent grade, SigmaeAldrich) was used as the
electrolyte. In this electrochemical cell, the platinumwirewas
subjected to potential cycles between 0.55 V and 1.3 V vs. RHE
(reversible hydrogen electrode) at a scan rate of 100 mV s1.
The conditions were controlled by a custom build potentio-
stat. The amount of platinum dissolved was monitored by
periodic weighing of the platinum wire. The dissolution was
stopped when the mass loss from the platinum wire reached
11 mg which occurred after 9 days of treatment.
Redeposition of platinum nanoparticles on carbon
For the reduction of the dissolved platinum species, a modi-
fied version of a method reported by Teranishi et al. was used
[18]. 2 ml of the electrolyte, now containing dissolved plat-
inum, were saved for UV-visual spectroscopy, while the
remaining electrolyte (28 ml) was adjusted to pH >10 by
addition of 5 M sodium hydroxide (NaOH), before being mixed
with 50 ml of ethanol. 41 mg of high surface area carbon
(Vulcan XC-72R) was added in order to produce a 20 wt.%
platinum on carbon (Pt/C) material. The mixture was refluxed
for 2.5 h. Throughout this period, argon purge was utilized in
order to eliminate oxygen.
After cooling to room temperature, the mixture was
centrifuged at 4500 rcf for 20 min. The precipitate was
repeatedly washed with ultrapure water until pH of the wash
water was neutral and no chloride ions could be detected by
addition of 0.1 M silver nitrate (AgNO3). The washed precipi-
tate was dried overnight at 95 C.
Characterization
Cyclic voltammetry for the Pt/C sample was carried out in a
three-electrode, two-compartment, all glass electrochemical
cell using a rotating disk electrode setup. A Zahner® Elektrik
IM6ex workstation was used as a potentiostat and controlled
with Thales® software version 2.0. The working electrode was
a mirror polished glassy carbon rotating disc electrode with a
surface area of 0.196 cm2 connected to a rotating shaft from
Pine Instruments. The counter electrode was a platinum wire
kept in a glass tube fitted with a ceramic frit, whereas a Gas-
katel dynamic hydrogen electrode was used as the reference.
In the following, all potentials are given as versus RHE. A total
volume of 220 ml of 0.5 M perchloric acid electrolyte (Supra-
pur, SigmaeAldrich) was used. All the water used during the
electrochemical characterization was of an ultrapure grade
with resistance larger than 18.2 MU. 7.6 mg of platinum sup-
ported on carbon was ultrasonically dispersed in a total vol-
ume of 5 ml of ultrapure water for 30 min. A 20 ml aliquot was
drop coated onto the surface of the glassy carbon electrode in
order to produce a platinum loading of 30 mgPt cm2. The
electrode was dried for approximately one hour, while
mounted on the rotating shaft in its inverted position, as
previously reported by Garsany et al. [19]. The electrolyte was
purged with argon at a flow of 30 ml min1 for one hour prior
to and throughout the experiment in order to saturate the
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electrolyte with argon in the interest of minimizing the
amount of dissolved oxygen. During all themeasurements the
rotation speed of the rotating shaft was maintained at
400 rpm.
The working electrode was electrochemically cleaned by
potential sweeping for 20 cycles between 0 V and 1.3 V at a
scan speed of 200 mV s1. In order to measure the specific
electrochemical activity, 10 cycles were recorded at 50 mV s1
between 50 mV and 1300 mV. For the measurements, ohmic
resistance through the electrolyte was compensated for by
positive feedback, giving an apparent ohmic loss of less than
2 U. TGA/DSC analysis was carried out on a Netzsch STA449 F3
simultaneous thermal analyzer using 5 K min1 heating rate
with 50 ml min1 of 4:1 nitrogen to oxygen gas mixture.
For powder X-ray diffraction, the Pt/C sample was
dispersed in ethanol and then applied drop wise to a flat
plastic sample holder in order to produce a thin film. After
evaporation of the ethanol, the X-ray pattern of the sample
was collected on a Siemens D5000 powder diffractometer with
a Cu Ka radiation source (l ¼ 1.542 Å). The XRD pattern was
recorded for glancing angles of 20e85 2q with a step size of
0.020 and 10 s per step.
UV-visual absorption spectra of the platinum solutions
were collected on a Shimadzu UV-1650PC UV-Visible spec-
trophotometer using quartz cells with a path length of 1 cm.
The samples were referenced to 1 M HCl.
Results and discussion
To evaluate the dissolution of platinum from the platinum
working electrode during potential cycling in 1 M HCl elec-
trolyte, the weight of the working electrode was measured
every 24 h. Fig. 1 illustrates the working electrode mass loss
calculated from the periodicweighing. A constant rate ofmass
loss of 5.6 ng cm2 (mass per electrochemically active elec-
trode surface area) was obtained.
In order to verify that the mass loss from the platinum
working electrode corresponds to dissolution of platinum, the
UV-visual spectrum of the electrolyte from the potential
cycling experiment is compared to recorded UV-visual spectra
of potassium tetrachloroplatinate (K2Pt(II)Cl4) and hexa-
chloroplatinic acid (H2Pt(IV)Cl6) dissolved in 1 M HCl (see
Fig. 2).
Potassium tetrachloroplatinate gives rise to a wide ab-
sorption peak at 217 nm with a shoulder at 228 nm, whereas
hexachloroplatinic acid exhibits two wide absorption peaks at
210 nm and 262 nm of almost equal intensity [20]. The spec-
trum recorded for the electrolyte from the potential cycling
experiment likewise exhibits wide peaks at 209 and 262 nm.
The relative intensity of the two peaks is in favor of the
former. The peak at 209 nm shows slight tailing towards
higherwavelengths. The results thus indicate that platinum is
dissolved as a mixture of Pt(II) and Pt(IV).
Powder X-ray diffraction patterns were collected for iden-
tification of reprecipitated platinum on carbon as well as for
estimating the size of the platinum crystallites (Fig. 3). Peaks
are found at 39.8, 46.0, 67.7, as well as 81.5 2q which
respectively correspond to reflections from the (111), (200),
(220) and (311) crystallographic planes of the platinum face-
centered cubic lattice [21].
Using the Scherrer equation, the average size of the crys-
talline domains is 4e5 nm, which can be considered a lower
limit on the actual platinum particle size. It is clear from
transmission electron microscopy investigations (found as
Supplementary information) that there is no major discrep-
ancy between the average particle and crystallite size.
The amount of platinum loaded on carbon was quantified
by thermogravimetric analysis (see Fig. 4). Assuming that the
residue after heating to 900 C is pure platinum, the platinum
loading is approximately 17.8 wt%, when the mass at 125 C is
taken as the dry weight of the Pt/C sample. Fig. 4 also shows
data for a Pt/C sample obtained without increasing the pH
prior to platinum redeposition, in which case the platinum
Fig. 1 e The mass loss from the platinum working
electrode due to potential cycling in 1 M HCl electrolyte
versus time.
Fig. 2 e UV-visual absorption spectra of the electrolyte
obtained from the platinum dissolution experiment
diluted in 1 M HCl (solid line), as well as K2PtCl4 (dashed
line) and H2PtCl6 (dotted line) diluted in 1 M HCl.
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loading on carbon was much lower (5.6 wt%). By comparison
of the obtained platinum loading on carbon with the target
value of 20 wt% platinum, recovery of platinum from the
1 M HCl electrolyte is more than 90% when pH was increased
to alkaline levels prior to platinum reduction. In order to
reduce and further on deposit the platinum on the carbon
substrate, there is clearly a need for pH adjustment. pH is a
critical parameter in the modified polyol platinum reduction
method applied, since the concentration of reducing species is
dependent on the pH [22].
Cyclic voltammetry on the fabricated pH adjusted Pt/C
catalyst served as a second means to detect platinum by
revealing its well-known features: hydrogen adsorption and
desorption, platinum oxide formation and platinum oxide
reduction. These features are clearly found in Fig. 5, con-
firming the presence of platinum on the carbon substrate.
Moreover, the electrochemical surface area (ESA) of the plat-
inum supported on carbon is obtained by integration of the
hydrogen desorption region followed by correction for the
double layer charge contribution and use of the assumption of
210 mC cm2 of platinum charge density. The determined ESA
was 2.55 cm2 corresponding to a roughness factor of approx.
13 for a working electrode with an area of 0.196 cm2. The
specific electrochemical surface area (ECSA) is a measure of
the number of electrochemical active sites normalized by
mass and is taken as the ratio between the ESA and Pt elec-
trode mass. Hydrogen adsorption and desorption is occurring
at different potentials depending on the Pt crystallographic
planes [23]. However, this is not the case which means that
the obtained Pt nanoparticles are present in form of truncated
octahedrons, usually obtained using this method.
The ECSA found for the sample with pH adjustment
amounts to 43 m2 g1. The observed relation between average
particle size (4e5 nm) and ECSA (43 m2 g1) is very similar to
that established by Nesselberger et al. [24] who investigated
the relation between particle size and ECSA for Pt nano-
particles supported on high surface area carbon based sup-
ports. This similarity is indicative of a comparable Pt
utilization degree, despite the differences in particle synthesis
procedures.
Conclusion
Platinum metal can be dissolved electrochemically and sub-
sequently redeposited as nanoparticles on a carbon substrate,
without intermediary separation and handling of pure plat-
inum salt. The reported reprecipitationmethod can, as part of
a platinum recycling scheme, help circumvention of the
emissions of ammonia, chlorine, hydrogen chloride and ni-
trogen dioxide associated with conventional processes for
Fig. 3 e XRD pattern of platinum redeposited on carbon
with pH adjustment. Raw data (gray line) and smoothed
curve (black line).
Fig. 4 e Thermogravimetric analysis on redeposited Pt/C
catalysts obtained with (solid line) and without (dashed
line) increase of pH prior to platinum reduction. The
analysis was carried out in 4:1 nitrogen to oxygen gas
mixture.
Fig. 5 e Cyclic voltammogram of the redeposited Pt/C
electrode in 0.5 M perchloric acid, recorded with a scan
speed of 50 mV s¡1 and a rotation speed of 400 rpm.
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recycling of platinum catalyst from polymer electrolyte fuel
cell electrodes.
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